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Martti Silvennoinen
Precise material processing 
with Spatial Light Modulator  
- controlled Femtosecond laser beam
This thesis consists of material process-
ing using femtosecond laser. Fast and 
precise parallel fabrication method us-
ing spatial light modulator is introduced. 
The metal processing of plastic injection 
molds as well as metal, silicon and glass 
ablation are discussed. Water spray 
enhances the ablation rate and remove 
ablation debris. Optical setup using a 
camera feedback loop is presented for 
hologram correction. Consequently 
laser ablation is made more precise and 
faster. Ablation of grey scale images and 
functional surfaces are shown, as an 
example. Processed surfaces have vari-
ous functionalities such as the control 
of wetting working as passive vents in 
microuidistic devices.
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ABSTRACT
In this thesis material processing using femtosecond laser is studied.
Material processing is performed using optical components, diffrac-
tive optical elements and liquid crystal on a silicon spatial light mod-
ulator. A fast and precise parallel fabrication method using this spa-
tial light modulator is introduced. The metal processing of plastic
injection molds as well as metal, silicon and glass ablation are dis-
cussed. A water spray is shown to enhance the ablation rate and
remove ablation debris. An optical setup using a camera feedback
loop is presented for hologram correction. Consequently laser abla-
tion is made more precise and faster. Ablation of grey scale images
and functional surfaces are shown, as an example. These processed
surfaces have various functionalities such as the control of wetting
working as passive vents in microfluidistic devices.
Universal Decimal Classification: 535.3, 535.4, 544.032.65, 621.9.048.7,
681.7.02
INSPEC Thesaurus: optics; micro-optics; optical elements; optical fabrica-
tion; microfabrication; nanofabrication; micromachining; holography; met-
als; silicon; glass; nanostructured materials; surface texture; laser ablation;
optical modulation
Preface
After studying the field of photonics for ten years in this university
one starts to understand the vastness of physics and realizes how
little in the end one actually knows about it. It still feels that each
day at work is different and new discoveries are frequently made. I
would like to thankmy co-workers and especially Jarno and Kimmo,
who tolerated my enthusiastic approach to photonics; thanks to Pasi
for allowing me work in many interesting projects during my Ph.D
studies. Thanks also to Tommi, Unto, Pertti and Timo for helping
with laboratory issues. Thanks to my family and friends for support
and encouragement.
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1 Introduction
Since the invention of the laser, scientists have been searching for
methods for its utilization. The laser has openednewfields of physics
and one has been material processing using laser ablation [1]. Laser
ablation is used in many fields of industry because it is highly re-
peatable; it works with many materials. Furthermore, it is in many
cases more precise and faster than other available methods. Lasers
are used in eye surgery, general surgery, industrial welding and cut-
ting of metals, semiconductors and insulators [2–5]. The shortening
of the laser pulsemade it possible to processmorematerials andwith
the discovery of the shorter pulses material processing was able to
ablate smaller and smaller details. Femtosecond laser ablation is a
versatile method for generating of both self-organized and directly
written nano-, micro- and macrostructures, basically of any material
and without specialized environments. It is capable of generating
large uniform areas even in a single manufacturing step in ambient
conditions [6].
Increasing the surface area in different fields of industry such as
the fabrication of electric components [7,8], nonreflective surfaces in
solar panel applications [9, 10], the realization of optical metamate-
rials [11, 12], dirt repellent surfaces [13] in laboratory tools, etc. in
a controlled manner is a challenging task. Conventionally, the in-
crease in effective surface area is realized by roughening a surface
by mechanical tooling. When the surface area (for example, stain-
less steel, titanium, Ti-6Al-4V, Ti-35-Nb-6Ta, etc. [14]) is increased
by grinding the roughness parameters for the exact surface area in-
crease are difficult to evaluate [15]. Artificially increasing the surface
area in a controlled manner conventionally requires multi-step tool-
ing processes. In many cases the surface area increase is performed
by chemical etching, either controlled by a resist mask made by elec-
tron beam lithography or randomly without a mask [16, 17]. Using
these methods, the producing of multilevel structures can be time-
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consuming and expensive.
The laser ablation of fine structures is slow using a focused laser
beam; making laser ablation parallel increases productivity without
losing the high detail of the fabrication. In this thesis, substantial
effort has been put into studying various methods in order to in-
crease the ablation rate and processing quality. Computer-generated
holograms (CGH) have existed for decades and are a convenient way
of creating adaptive programmable diffractive optics. Together with
the Spatial LightModulator (SLM), they can be used for various laser
beam shaping tasks in micromachining [18–23]. Recently, the power
handling capacity of SLMs has increased so that they can be applied
with relatively high peak and average power pulse lasers [18].
When using a laser with relatively high power in micromachin-
ing the original beam can bedividedup to hundreds, even thousands
of beams and the energy of the individual beam still remains above
the ablation threshold of the material. This division of the original
beam into multiple beams permits the utilization of all laser power
regardless of the machining task. Parallel micromachining together
with SLM technology enables simultaneous control over various ab-
lation parameters such as position, size, shape and period. One im-
portant and overlooked possibility of this technique is the individual
intensity control of each beam. The reason why parallel processing
in laser micromachining is not used is probably that hologram de-
signing is perceived as complicated and time-consuming. There is a
lack of proper commercial hologramdesigning tools that are suitable
for micromachining purposes.
This thesis, presents a designmethodology that results in the rel-
atively fast calculation of the holograms producing an array of beams
with individually controlled intensities. The method is based on the
Iterative Fourier Transform Algorithm (IFTA) [24–26] with camera
compensation. The technique is presented for parallel micromachin-
ing and utilized for production of various functional surfaces.
Plants need clean surfaces to absorb sunlight andCO2 gas is needed
to enter the plant. Consequently, plants have developed self-cleaning
surface properties that are mostly sized micro- and nano-scale struc-
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ture combinations [27, 28]. To understand how to reach a functional
surface such as a hydrophobic self-cleaning surface, we did a sur-
vey of plant leaves and stems hydrophobicities. For example the Fig.
1.1 shows phalaris arundinacea. The structures were characterized
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Figure 1.1: (a) Phalaris arundinacea. Scanning electron microscope images of a phalaris
arundinacea with (b) magnification 700 and (c) magnification 50 000. (d) Contact angle
measurement of the phalaris arundinacea with a contact angle of 159◦.
with a scanning electron microscope. These hydrophobic surface
profiles were then ablated onto stainless steel whichwas used as hot-
embossing molds to imprint structures in plastic.
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2 Motivation for this Thesis
The motivation for the work related to this thesis was to make the
ablation process more efficient using SLM and cleaning methods.
Functional surfaces produced with femtosecond laser ablation were
studied.
To do this I investigated the mechanism of ablation with a fem-
tosecond laser in stainless steel and other metals, silicon, fused silica
and polymers. This included a laser parameter study. I tested the
surrounding gas atmosphere, gas pressure and gas type effect on ab-
lation and the liquid environment, such as submerging the sample
in water or coating it with a thin layer of water using a water spray.
To make this ablation systemmore controllable I used diffractive op-
tics. This was done initially as glass elements fabricated with elec-
tron beam lithography, both amplitudemodulated and phasemodu-
lated. I found a good division of the beam and then decided to inves-
tigate amore adaptable diffractive optical element, a liquid crystal on
a silicon spatial light modulator (LCOS-SLM). This element gave me
the freedom to adjust the beam in real time and the possibility to di-
vide and control individual beam intensities. This element provided
not only more precision but also much needed speed in processing
parallel.
Silicon drilling was investigated to ascertain how rapidly holes of
desired size could be made. To make drilling faster I examined the
influence of the atmosphere and water spray to enhance the ablation
rate; beam division was also investigated. Functional surfaces were
designed to be highly hydrophobic.
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3 Femtosecond laser ablated
structures
In this chapter femtosecond laser processing using various optical
setups is discussed. A laser pulse is described mathematically and
its ablation effect on material is discussed. Material surface modifi-
cation with femtosecond laser ablation in nano-, micro- and macro
scale is presented for different materials. Various methods to in-
crease fabrication speed are considered. Since the ablation of mate-
rial produces debris and laser ablation generated structures, amethod
of preventing them from degrading the fabrication quality is pre-
sented.
3.1 ELECTROMAGNETIC WAVE THEORY
Light is a part of the spectrum of electromagnetic radiation; gener-
ally the wavelength range of visible light is from 380 nm to 780 nm.
The light is dualistic, it is a particle - photon - and as well as electro-
magnetic wave. The electromagnetic wave can be described using
Maxwell’s equations. Electromagnetic wave interaction with mate-
rial and boundaries is mathematically discussed, as is the measure-
ment of electromagnetic radiation. Furthermore, an ultrashort elec-
tromagnetic pulse is described mathematically.
3.1.1 Maxwell’s equations
Femtosecond pulses can be considered the sum of time-harmonic
electromagnetic fields of center frequencyωcwith the frequency band
of∆ω.
Let us consider a monochromatic field which is characterized by
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three-dimensional electric E and magnetic H fields of the form
E(r, t) = ℜ{E(r) exp (−iωt)} , (3.1)
H(r, t) = ℜ{H(r) exp (−iωt)} , (3.2)
where r = (x, y, z) is the three-dimensional position vector and ℜ
represents the real part of a complex field. In a continuous material,
these time-harmonic fields satisfy Maxwell’s equations
∇×E(r) = iωB(r) , (3.3)
∇×H(r) = J(r)− iωD(r) , (3.4)
∇ ·D(r) = ρ(r) , (3.5)
∇ ·B(r) = 0 , (3.6)
whereD(r),B(r), J(r) and ρ(r) are the electric displacement, mag-
netic induction, electric current density and electric charge density,
respectively. In linear isotropic material we obtain the constitutive
relations
D(r) = ϵ(r)E(r) , (3.7)
B(r) = µ(r)H(r) , (3.8)
J(r) = σ(r)E(r) , (3.9)
where ϵ(r), µ(r), and σ(r) are known as the permittivity, magnetic
permeability and conductivity, respectively. The permittivity ϵ is
written as ϵ(r) = ϵr(r)ϵ0, where ϵ0 is the permittivity in a vacuum
and ϵr is the relative permittivity. In the case of non-magnetic ma-
terial the refractive index is defined as n(r) =
√
ϵr(r). In this thesis
we assume that material is linear and isotropic, since we used fused
silica lenses and the laser beam propagates in the air.
From theMaxwell’s equations one canderive theHelmholtz equa-
tion
∂2
∂x2
Ey(x, z) +
∂2
∂z2
Ey(x, z) + k
2ϵrEy(x, z) = 0, (3.10)
where
k = 2π/λ = ω/c = ω
√
ϵ0µ0, (3.11)
and λ is the wavelength and c is speed of light in a vacuum.
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3.1.2 Rigorous solution ofwavepropagation inhomogeneousma-
terial
An electromagnetic plane wave is a solution to the Maxwell’s equa-
tion, and therefore the superposition of the plane waves with differ-
ent k values is also a solution [29]. The exact solution for a single
scalar field component for equation (3.10) can be expressed as
U(x, y, z) =
∫∫ ∞
−∞
T (α, β, z0) exp {i2π[αx+ βy + γ(z − z0)]}dαdβ,
(3.12)
where light propagation direction is described by k = 2π(α, β, γ).
γ can be either real or imaginary: γ =
√
(n/λ)2 − (α2 + β2) or γ =
i
√
(α2 + β2)− (n/λ)2, when (α2 + β2) > (n/λ)2. T (α, β, z0) is the
angular spectrum of the field at z = z0 and is
T (α, β, z0) =
∫∫ ∞
−∞
U(x, y, z0) exp [−i2π(αx+ βy)]dxdy. (3.13)
This is a Fourier transform of the fieldU(x, y, z0). The equation pair
(3.12) and (3.13) can be used to propagate a field from one plane to
another.
3.1.3 Electromagnetic boundary conditions
Maxwell’s equations hold for continuous materials, i.e. there are no
boundaries. If there is a boundary betweenmaterial 1 andmaterial 2,
then boundary conditions are used to move the field from material
1 to material 2. The normal vector for the boundary from material
1 to material 2 is denoted as n12. The boundary conditions can be
presented as
n12 · (B2 −B1) = 0, (3.14)
n12 · (D2 −D1) = ρS , (3.15)
n12 × (E2 − E1) = 0, (3.16)
n12 × (H2 −H1) = JS , (3.17)
where ρS the surface charge and JS is the surface current density.
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3.1.4 Energy density
The electromagnetic energy density is defined as
utotal(r, t) = ue(r, t) + uh(r, t), (3.18)
where
ue(r, t) =
1
2
E(r, t) ·D(r, t) (3.19)
is the electric energy density and
uh(r, t) =
1
2
H(r, t) ·B(r, t) (3.20)
themagnetic energy density. Measuring the optical fields is based on
time averages due to the high optical frequency. The time averages
of the electric and magnetic energy densities for a monochromatic
field are
⟨ue(r, t)⟩ = 1
4
ϵ(r)|E(r)|2 (3.21)
and
⟨uh(r, t)⟩ = 1
4
µ(r)|H(r)|2, (3.22)
respectively. The time average of the electromagnetic energy density
is
⟨utotal(r, t)⟩ = ⟨ue(r, t)⟩ + ⟨uh(r, t)⟩. (3.23)
In the case of optical pulses the energy integration is taken a sin-
gle pulse as
upulse =
∫ ∞
−∞
|Uℜ(t)|2dt. (3.24)
Generally ⟨upulse⟩ is measured, for example, so that the energy of
laser beam is first measured for 1 s and total energy is then divided
by the number of pulses. This gives a mean value for the energy of a
single pulse.
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3.1.5 Gaussian Schell-model for ultrashort pulses
The term ”ultrashort” pulse is generally used for pulses if the time
duration is a maximum of some tens of picoseconds. The optical
pulse is written as the sum of time-harmonic electromagnetic fields
U(t) =
∫ ∞
0
ℜ{A(λ) exp(−i2πtc/λ)}dλ. (3.25)
Theultrashort pulsewith aGaussian spectrumcan be represented
mathematically using the Gaussian Schell-model [30]. A coherent
Gaussian plane wave pulse propagating in the direction of a positive
z- axis can be expressed as
U(z, t) = U0 exp
[
−(t− z/c)
2
2T 2
]
exp[−iω0(t− z/c)], (3.26)
where T is the pulse duration and ω0 the central angular frequency
of the pulse. The representation of space-frequency domain of the
pulse is obtained with Fourier transform
U˜(z, ω) = U˜0 exp
[
−(ω − ω0)
2
2Ω2
]
exp(iωz/c), (3.27)
where U˜0 = U0T/
√
2π andΩ = 1/T is the spectralwidth of the pulse.
The spectral profile of the pulse is also Gaussian.
Fig. 3.1 (a) shows the ideal spectrum of a femtosecond pulse;∆λ
is the width of the Gaussian spectrum and is measured at the 1/e
level. When this spectrum is used in equation (3.25) to calculate the
temporal profile of the ideally mode-locked optical pulse intensity,
the pulse shown in Fig. 3.1 (b) is obtained. The envelope of this
graph is the pulse and its time duration is 120 fs when measured at
the 1/e level.
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Figure 3.1: (a) Ideal spectrum of femtosecond pulse, (b) temporal pulse profile.
The intensity envelope of a partially coherent pulse can be expressed
as
I(z, t) = I0 exp
[
−(t− z/c)
2
T 2
]
, (3.28)
where
T =
√
1
Ω2
+
2
Ω2c
, (3.29)
and Ωc is the spectral coherence width [31]. For femtosecond pulses
1
Ω2
>> 2
Ω2c
, being close to the conventional coherent Gaussian pulse.
3.1.6 Peak power
The instantaneous peak power of the pulse is defined as
P =
⟨upulse⟩
T
, (3.30)
where ⟨upulse(r, t)⟩ is the average electromagnetic energy of a single
pulse. If pulse energy is 1 mJ and pulse duration is 100 fs, then P =
10 GW.
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The use of a focused optical pulse is described in Refs. [32, 33].
The peak power may be different when pulses are focused using a
lens due to chromatic aberration and group velocity dispersion [34].
The chromatic aberration spreads the pulse spatially at focus and
group velocity dispersion spreads pulse in time.
3.1.7 Material dispersion
Material dispersion derives from the frequency-dependent response
of a material to the electromagnetic wave. For example, material dis-
persion leads to undesired chromatic aberration in a lens or the sep-
aration of colors in a prism. The formula v(λ) = c/n(λ) is the phase
velocity of a wave. The Abbe number is generally used to describe
materials dispersion and the Sellmeier equation to determine the dis-
persion of light in the material [34].
For a homogeneous material, the group velocity vg is related to
the phase velocity by
vg = c
[
n(λ)− λdn(λ)
dλ
]−1
. (3.31)
A pulse travels at the speed of the phase wavefront. Group velocity
is a function of the frequency. This results in the group velocity dis-
persion (GVD), which causes an ultrashort pulse to spread in time as
a result of different frequency components of the pulse traveling at
different velocities [34]. GVD is the group delay dispersion parame-
ter defined as
DGVD = −λ
c
d2n(λ)
dλ2
, (3.32)
where n(λ) is the refractive index of the material. If DGVD is nega-
tive, then the material is said to have positive dispersion. If DGVD
is positive, then the material has negative dispersion. If a pulse is
propagated through a positively dispersive material, then the higher
frequency components travel more slowly than the lower frequency
components. The pulse becomes positively chirped. If a pulse is
propagated through a negatively dispersivematerial, then the higher
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Figure 3.1: (a) Ideal spectrum of femtosecond pulse, (b) temporal pulse profile.
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velocity of a wave. The Abbe number is generally used to describe
materials dispersion and the Sellmeier equation to determine the dis-
persion of light in the material [34].
For a homogeneous material, the group velocity vg is related to
the phase velocity by
vg = c
[
n(λ)− λdn(λ)
dλ
]−1
. (3.31)
A pulse travels at the speed of the phase wavefront. Group velocity
is a function of the frequency. This results in the group velocity dis-
persion (GVD), which causes an ultrashort pulse to spread in time as
a result of different frequency components of the pulse traveling at
different velocities [34]. GVD is the group delay dispersion parame-
ter defined as
DGVD = −λ
c
d2n(λ)
dλ2
, (3.32)
where n(λ) is the refractive index of the material. If DGVD is nega-
tive, then the material is said to have positive dispersion. If DGVD
is positive, then the material has negative dispersion. If a pulse is
propagated through a positively dispersive material, then the higher
frequency components travel more slowly than the lower frequency
components. The pulse becomes positively chirped. If a pulse is
propagated through a negatively dispersivematerial, then the higher
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frequency components travel faster than the lower frequency compo-
nents. The pulse becomes negatively chirped. In both cases the pulse
spreads temporally [34].
3.2 PULSED LASER ABLATION
Laser ablation is a process of removing material from a solid surface
by irradiating it with a laser beam. Laser pulse ablation is a suit-
able tool for the direct processing of solid materials. Laser parame-
ters such as pulse duration, center wavelength and pulse energy are
important when selecting a laser for a specific processing job. With
long optical pulses of a nanosecond and longer, the material around
the ablation zone is heated, which affects the details. However, with
short pulses of a picosecond and femtosecond, the heat affected zone
around the ablation region is smaller, whichmakes it possible to pro-
duce smaller features and more clearly detailed structures. In order
to process any material surface an ablation threshold needs to be ex-
ceeded. The energy of the pulse is important in this respect. The
short pulse brings energy onto the material surface in a very short
time duration. This excess energy removes bonds between the atoms
of the material. Theoretically, temperatures up to 10 000 kelvin are
obtained in a very small volume [35,36].
3.2.1 Generation of ultrashort pulses
Optical pulses generated in passively mode-locked lasers can be ul-
trashort. The Titanium-sapphire (TiAl2O3) laser produces femtosec-
ond pulses. If a titanium-sapphire crystal is pumped with nanosec-
ond pulses, the nonlinear optical effect forms light with a wide spec-
trum [37]. The phase-matching between different wavelengths is
produced by using an oscillator setup that compensates for the op-
tical path differences of each frequency component in the oscillation
cycle [37]. If necessary, the pulses can be amplified in a multi-pass
amplifier. The amplifier extends the pulse duration, produces am-
plification and compresses the pulse [37].
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3.2.2 Pulsed laser ablation mechanism
Laser ablation is normally performedwith a focused laser beam. The
energy of the pulse is absorbed by the targetmaterial. Thematerial in
the focal region is heated to themelting temperature or directly to the
vaporization temperature depending on the laser intensity and pulse
duration. The absorptionmechanisms depend on the number of free
electrons in thematerial, pulse duration, laser intensity and focusing
optics. Conductive electrons exist inmetals and semiconductors; this
means that ablation occurs with lower intensities than in materials
that do not have free electrons [38, 39].
For transparent materials, absorption occurs by nonlinear pro-
cesses through a laser-induced optical breakdown. The laser-induced
breakdown is a processwhere a normally transparentmaterial is first
transformed into an absorbent plasma by the strong laser pulse. Fol-
lowing absorption by the laser, energy causes irreversible damage
to the material. The nonlinear processes causing breakdowns are
avalanche ionization and multiphoton ionization [40, 41].
3.2.3 Material processing using femtosecond laser ablation
Material processing using ultrashort laser ablation is non contact and
results in minimumdamage tomaterials and details around the pro-
cessed areas. Furthermore, this involves single-process step man-
ufacturing for multilevel structures since microstructures are cov-
ered with laser ablation-induced nanostructures. The ablation of all
solid materials is possible with a femtosecond laser. Even materi-
als like diamond, siliconcarbide and explosives are processable with
femtosecond pulses [42]. These pulses allow the ablation of small
features, which makes ablation a suitable tool for micromachining
applications. With femtosecond laser ablation, either directly writ-
ten structures or ablation generated self-organizing nano- and mi-
crostructures can be produced. Femtosecond laser micromachining
is described in Refs. [43, 44].
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3.2.4 Ablation setup
The femtosecond laser used in all experiments in this thesis was a
Quantronix Integra-C-3.5, which provides pulse energies of up to
3.5 mJ per pulse, 120 fs pulse duration, 790 nm center wavelength
and 1 kHz repetition rate. A 3D motion controller from Micos was
used to position the sample. Fig. 3.2 presents a schematic of the
ablation setup, with a focused beam. The setup consists of the fem-
Femtosecondlaser
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table
M
L
P
Figure 3.2: Schematic of the femtosecond laser ablation setup.
tosecond laser, a computer-controlled energy adjuster composed of
a half waveplateW and polarizer P; S is a shutter, A an aperture, M a
mirror and L are optical components. Different setups demonstrated
later concentrate only on L optical components.
In most cases the pulse energy needs to be controlled. This ad-
justment is realized by a half waveplate to change the linear polariza-
tion angle of the laser beam, which is then passed through a Brew-
ster polarizer. The attenuation of the pulse depends on the extent to
which the polarization angle of the pulse is altered.
The number of pulses is chosen using a shutter. The aperture
chooses the size of the beam, which is then focused onto the target
material surface with a lens. The polarization of the focused beam
can be controlled by placing a half or quarter waveplate before the
lens. With a quarter waveplate the beam can be elliptically or circu-
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larly polarized. The waveplate and the lens are part of L.
The material of the lenses needs to handle pulses with high in-
stantaneous power, without being damaged. A second aspect is the
broad spectrum of the femtosecond laser pulse, which can lead to
spatio-temporal effects; consequently the focused pulse can have a
longer time duration than the pulse before focusing. Reduction of
chromatic aberration can include the use of reflective or diffractive
optics instead of refractive optics, as well as careful compensation of
various types of aberrations, for example, using suitable lens com-
binations. The more complex surface profile of an asphere can re-
duce or eliminate spherical aberration and reduce other optical aber-
rations in comparison with a simple spherical lens.
In laser micromachining, self-focusing in the air before the target
area is usually undesired [45]. This is typically prevented by using
large diameter beams, with low energy per unit area, which are then
focused onto the processed material. The diameter of the laser beam
used is 9 mm. If the setup uses a 4f imaging system, care must be
taken with tight focuses in the air to prevent plasma formation. The
formed plasma distorts and scatters the beam.
3.2.5 Dependence of ablated features size on fluence
The fluence is the energy of the laser pulse divided by the illumi-
nated surface area. This is the most used ablation parameter since
it has the greatest effect on the ablation of material and is easily ad-
dressed by altering the laser energy and/or illuminated surface area.
Furthermore, the shortening of the pulse does not change ablation
behavior after certain pulse durations are reached [46].
Aberrations of the focusing lens and wavelength determine the
smallest size of the focus. The waist of the focused Gaussian beam
can be calculated using the equation
w′0 =
4fλc
πw0
√
π2w40
f2λ2c + π
2w40
, (3.33)
where f is the focal length of the lens, λc the center wavelength of
the laser and w0 the waist of the collimated beam before focusing
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with the lens. The waist of the beam is measured at 1/e level [47].
Generally f2λ2c << π2w40, which allows the approximation as
w′0 ≈
4fλc
πw0
. (3.34)
If the target surface is placed off focus, then the beam waist at dis-
tance zO from the focal plane is
w(zO) = w
′
0
√
1 +
z2Oλ
2
c
π2w
′4
0
. (3.35)
The depth of the focus zR or Rayleigh range, is defined at the z
value, where the waist diameter is increased by the factor
√
2 as
zR =
π(w′0)2
λc
. (3.36)
The position of the focus on the surface can vary the amount of zR/2
in the z -direction without significantly affecting the beam waist.
The beamwaist can be used to estimate the fluencewith the equa-
tion
Φ =
⟨upulse(r, t)⟩
πw(z)2
, (3.37)
where ⟨upulse(r, t)⟩ is the average energy of a single pulse [48, 49].
To estimate the diameter of the ablated hole using the fluence
value, the equation
D = w(z)
√
2 ln
(
Φ
ΦTh
)
(3.38)
can be used, whereΦTh is the single pulse ablation threshold fluence
of the processed material [48, 50]. Note that the material ablation
threshold value of the fluence depends on the pulse duration and
pulse number [48, 50]. The ablation threshold for a single pulse and
multiple pulses varies. This difference is a result of the accumulated
heat from the successive pulses. For example, the ablation thresh-
old for silicon is approximately 0.30 J/cm2 with a single femtosec-
ond pulse and approximately 0.15 J/cm2 with multiple femtosecond
pulses [48, 50].
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The two-temperature diffusion model of energy transport into
electrons in a crystalline lattice is used to derive the equation for ab-
lation depth, which is described in Refs. [51,52]. Ablation depthwith
a single pulse can be estimated with the equation
H = δp ln
(
Φ
ΦThm
)
, (3.39)
where δp is the effective penetration depth of the laser energy and
ΦThm the multi-pulse ablation threshold fluence [46]. The penetra-
tion depth can be expressed as
δp =
λc
4πκ
, (3.40)
where κ is the imaginary part of the refractive index of the material.
3.3 FEMTOSECONDLASERABLATION-INDUCEDSTRUCTURES
When laser pulses consecutively ablate the surface with fluence val-
ues slightly exceeding the ablation threshold of the material, self-
organized structures start to appear. With a few pulses, these struc-
tures become tens of nanometer-sized voids and bumps. As more
pulses ablate the surface, Laser Induced Periodic Surface Structures
(LIPSS) start to appear [53]. When the duration of the pulse is re-
duced under picosecond the formation of the LIPSS is more pro-
nounced. Increased fluence generates structures in the micrometer
scale. These micrometer-sized structures are usually considered an
undesired side-effect degrading the surface qualitywhen a femtosec-
ond laser for direct micromachining is used [54]. The ablation area
can be covered with tens of micron-sized holes and pillars.
3.3.1 Laser Induced Periodic Surface Structures
Self-organizing nanostructures are generally called LIPSS or ripples
[55]. These LIPSS are nanoscale structures controllable by laser pa-
rameters such as wavelength, incidence angle and polarization state.
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The period of the LIPSS is a function of the laser wavelength and
incidence angle written approximately as
ΛLIPSS =
λ
n± sin θ , (3.41)
where n is the real part of the refractive index, θ the incidence angle,
the sign ”+” the s- polarization and the sign ”−” the p- polarization
[55]. LIPSS can be made for a large selection of materials including
metals, alloys and semiconductors [56–59].
The polarization state of the laser strongly affects the shape and
orientation of the LIPSS, see Ref. [60]. This is shown in the Scan-
ning ElectronMicroscope (SEM) images in Fig. 3.3. The femtosecond
beam was focused into a line with a cylindrical lens on the sample
surface. A 50 mm focus length cylindrical lens was used to focus the
beam to form a fluence of 0.13 J/cm2. The ablation was performed
by moving the sample at a speed of 1 mm/s. Ablation of the LIPSS
was carried out by opening the shutter, moving the sample distance
L and closing the shutter. Large areas of nanostructures were ab-
lated using waveplates to change the polarization of the line focus.
Ablation areas were 1 × 1 cm and ablation time 10 s for each area.
Fig. 3.3 (a) presents ablated LIPSS, where the linear polarization
angle is parallel to the focused line. In Fig. 3.3 (b) the ablated LIPSS
is shown, where the linear polarization angle is perpendicular to the
focused line. Fig. 3.3 (c) shows the ablated nanostuctures when cir-
cular polarization is used. A similar rough surface forms when the
alternate pulses have a 90-degree turn in the linear polarization an-
gle, these LIPSS are shown in the Fig. 3.3 (d).
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Figure 3.3: SEM-images of the nanostructures on stainless steel, with a cylindrical lens. (a)
LIPSS made with the polarization parallel to the ablated line. (b) LIPSS made with the po-
larization perpendicular to the ablated line. (c) nanostructuring made with the polarization
circular state. (d) nanostructuring made with alternate pulses in different linear polariza-
tions states.
3.3.2 Coral-like pseudo-periodic microstructures
The high fluence enables faster processing of the material and al-
lows deeper cutting into the material. However, this can be prob-
lematic with the femtosecond laser because it is known to generate
self-organized microstructures [61].
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Figure 3.4: SEM-images of the self-organised microstructures generated as a function of
fluence and pulse number on stainless steel.
The average feature size of the microstructure can be controlled by
the laser fluence and pulse number, as shown in the SEM images in
Fig. 3.4. The fluence is changed by varying the off-focus distances
to the target material while keeping the pulse energy constant. The
feature size ranges from approximately 1 µm to tens of micrometers.
A focused Gaussian laser beam was used to produce large ar-
eas of these coral-like microstructures by moving the sample during
ablation to form a groove. The grooves were ablated next to each
other so that overlapping with the previous groove ensured uniform
structuring over the ablated area. SEM images with various magni-
fications from the generated microstructures are shown in Fig. 3.5.
It is evident that a large area of consistent structure size can be gen-
erated. The average size of the generated features is around 15 µm.
Similar structures can be created for a large selection of materials in-
cluding metals, alloys and semiconductors. Fig. 3.5 (c) indicates that
the self-organized microstructures consist of randomly distributed
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Figure 3.5: SEM-images of the coral-like areas made by moving the sample under the focused
beam on stainless steel.
deep holes connected to ravine type formations and the structures
are covered with LIPSS [62, 63].
Thesemicrostructures can have various applications, such as chang-
ing the surface’s wettability properties and increasing the light ab-
sorption on the surface [64, 65]. When directly modifying the sur-
face of the material using a tightly focused femtosecond laser beam
ablation into a designed form, the formation of the self-organizing
microstructures is undesired. These self-organized microstructures
are not generated when the ablation is performed with low fluence
e.g. for silicon 0.3-3 J/cm2 and using a high number of pulses for
each location.
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Figure 3.4: SEM-images of the self-organised microstructures generated as a function of
fluence and pulse number on stainless steel.
The average feature size of the microstructure can be controlled by
the laser fluence and pulse number, as shown in the SEM images in
Fig. 3.4. The fluence is changed by varying the off-focus distances
to the target material while keeping the pulse energy constant. The
feature size ranges from approximately 1 µm to tens of micrometers.
A focused Gaussian laser beam was used to produce large ar-
eas of these coral-like microstructures by moving the sample during
ablation to form a groove. The grooves were ablated next to each
other so that overlapping with the previous groove ensured uniform
structuring over the ablated area. SEM images with various magni-
fications from the generated microstructures are shown in Fig. 3.5.
It is evident that a large area of consistent structure size can be gen-
erated. The average size of the generated features is around 15 µm.
Similar structures can be created for a large selection of materials in-
cluding metals, alloys and semiconductors. Fig. 3.5 (c) indicates that
the self-organized microstructures consist of randomly distributed
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Figure 3.5: SEM-images of the coral-like areas made by moving the sample under the focused
beam on stainless steel.
deep holes connected to ravine type formations and the structures
are covered with LIPSS [62, 63].
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ing the surface’s wettability properties and increasing the light ab-
sorption on the surface [64, 65]. When directly modifying the sur-
face of the material using a tightly focused femtosecond laser beam
ablation into a designed form, the formation of the self-organizing
microstructures is undesired. These self-organized microstructures
are not generated when the ablation is performed with low fluence
e.g. for silicon 0.3-3 J/cm2 and using a high number of pulses for
each location.
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3.4 DIRECTMICROMETERSIZEPATTERNINGWITHFOCUSED
FEMTOSECOND BEAM
The smallest spot that the femtosecond beam can be focused at is
diffraction limited, that is to say in the range of the used wavelength.
If this tight focus is illuminated with a small amount of energy close
to the ablation threshold fluence of the material, then the ablation
of details smaller than the diffraction limited focus is possible, as de-
scribed by equation (3.38). Ablationwith a focused beam can be used
to produce high detail structures. However, this is time-consuming.
To increase the ablation speed of high detail structures a low flu-
ence but large fraction of the laser energy, is necessary. The rate at
which the material is removed from the surface with the laser abla-
tion is generally called the ablation rate. A cylindrical lens can be
used in some specific applications to enhance the ablation rate by
ablating a single long groove at a time. A Diffractive Optical Ele-
ment (DOE) can be used to divide a beam into several beams, which
allows parallel ablation of many holes or many grooves simultane-
ously. Furthermore, a DOE can be used for multi-beam interference
patterns to ablate large areas with structures [65].
3.4.1 Focused beam micromachining
The experimental verification of the size of ablated features as a func-
tion of fluence, defined by equation (3.38), is discussed here. The ab-
lation of holes occurs using a lens with a focal length of F = 70 mm
with fluences 0.3 - 3 J/cm2 into silicon with a constant pulse number
of 200. The diameters of the ablated holes were measured, the val-
ues squared and plotted as a function of used fluence in Fig. 3.6. The
fluences were calculated with equation (3.37).
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Figure 3.6: Squared diameter of ablated holes, with standard deviations, as a function of
fluence. Material is silicon.
The squared diameter is a logarithmical function of the fluence using
equation (3.38); a fitting is made in the graph as shown in Fig. 3.6
as a blue line. By extrapolating, a value for threshold fluence can
be calculated as 0.150 J/cm2; this is the fluence value when D2 is
zero. The calculated fluence value for silicon is close to the values in
literature [48, 50].
The depth of the ablated feature is tested by making holes in sil-
icon using a lens with a focal length of F = 70 mm with fluences 1 -
20 J/cm2 and pulse numbers of 500 and 1000. The depths of ablated
holes were measured from the cross-section of the diced wafer and
plotted as a function of fluence in Fig. 3.7.
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be calculated as 0.150 J/cm2; this is the fluence value when D2 is
zero. The calculated fluence value for silicon is close to the values in
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The depth of the ablated feature is tested by making holes in sil-
icon using a lens with a focal length of F = 70 mm with fluences 1 -
20 J/cm2 and pulse numbers of 500 and 1000. The depths of ablated
holes were measured from the cross-section of the diced wafer and
plotted as a function of fluence in Fig. 3.7.
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Figure 3.7: Depth of ablated holes in silicon. Circles are measured data and lines are fittings.
Hole depth is a logarithmical function of the fluence using equation
(3.39); fittings are made in the graph as shown in Fig. 3.7 as a blue
and red lines. By extrapolating, value for threshold fluence can be
calculated to be approximately 0.150 J/cm2; this is the fluence value
when hole depth is zero. Equation (3.39) also has an effective pene-
tration depth, when the fittings are 47 and 60 µm respectively. The
depth of the ablated feature is affected by the lens, fluence and pulse
number. The depth of the holes as a function of the pulse number
is shown in Fig. 3.8 where ablation is performed in silicon with 3.7
J/cm2 fluence and the lens F = 70 mm.
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Figure 3.8: Depth of ablated holes in silicon with standard deviations as a function of pulse
number.
The cutting of wafers is one important application of femtosec-
ond ablation. Cutting material with minimum material loss, mini-
mum edge damage and good edge quality is needed when making
apertures, particle filters and other types of wafer dicing. By means
of femtosecond laser ablation various materials are processable, as
shown in Figs. 3.9 - 3.12.
70 m 7 m
(a) (b)
Figure 3.9: Microscope imageswith differentmagnifications of a groove ablated in the silicon.
(a) the ablated groove. (b) magnified image of the grooves edge.
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Figure 3.9: Microscope imageswith differentmagnifications of a groove ablated in the silicon.
(a) the ablated groove. (b) magnified image of the grooves edge.
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As shown by the Figs. 3.7 and 3.8 the ablation depth is a func-
tion of fluence and pulse number. By using constant fluence one
can estimate needed pulse number. The fluence needs to be chosen
so that the ablation can reach the wanted depth with a reasonable
pulse number. Fig. 3.9 shows the microscope images of the ablated
groove through 300 µm of silicon with a fluence of 3.7 J/cm2 and a
moving table speed of 0.25 mm/s with 20 overpasses. Silicon wafer
dicing with 1 µm edge roughness can be achieved by a single focus
femtosecond laser ablation. Silicon wafer dicing is needed in opto-
electronic devices like solar cells and light detectors.
The Fig. 3.10 shows themicroscope images of the ablation through
a 400 µm silicon carbide wafer, which can be used as a mechanical
machining blade in a CNC mills. Ablation of silicon carbide is per-
formed with a fluence of 2 J/cm2 and a moving table speed of 0.2
mm/s with 10 overpasses.
35 m 14 m
Figure 3.10: Microscope images with different magnifications of the ablation done to the
silicon carbide.
The ablation of fused silica is shown in Fig. 3.11. Fig. 3.11 (a)
shows a side view of the ablated hole through 0.5 mm fused silica
with a hole diameter 40 µm. Ablation was done using fluence of 30
J/cm2 with 5000 pulses. A hole of this type can be used to study
capillary effects inside microchannels [66]. The fluence was chosen
for certain ratio between hole entrance and exit size. Fig. 3.11 (b)
shows an ablated hole through 0.5 mm of fused silica with a hole
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diameter of 600 µm. Ablation was done using fluence of 30 J/cm2
with pulse number 5000 for each location. The ablation took 3 min.
The smaller hole is ablated in a stationary manner and the bigger
hole is ablated by moving the ablating beam.
Figure 3.11: Microscope images of the ablated holes through 0.5 mm of fused silica. (a) side
view of the hole with a diameter of 40µm. (b) top view of the hole with a diameter of 0.6 mm.
Modification of thin metal films is easily done with the femtosec-
ond laser. Ablation of this film can be performed without damaging
the fused silica substrate beneath the film. This is due to the fact that
the ablation threshold for copper is much smaller than the threshold
value for the fused silica. Here 500 nm thick copper film is ablated
using F = 70, with a fluence 0.5 J/cm2 with a moving table at the
speed of 1 mm/s. The fluence was chosen so that the copper was
removed without damaging the fused silica. Fig. 3.12 shows micro-
scope images of an ablated copper coil.
Femtosecond laser ablation with a single beam is a single step
process and a precise method of producing small amounts of com-
ponentswith a specific design that are used, for example, in scientific
research or to determine the best design for a component. The pro-
cessing times tend to be very long with this single beam ablation. To
speed up this ablation process, it is necessary to utilize more energy
from the laser. When ablating the small detail structures increasing
of the fluence is not an option and either beam size must be made
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The smaller hole is ablated in a stationary manner and the bigger
hole is ablated by moving the ablating beam.
Figure 3.11: Microscope images of the ablated holes through 0.5 mm of fused silica. (a) side
view of the hole with a diameter of 40µm. (b) top view of the hole with a diameter of 0.6 mm.
Modification of thin metal films is easily done with the femtosec-
ond laser. Ablation of this film can be performed without damaging
the fused silica substrate beneath the film. This is due to the fact that
the ablation threshold for copper is much smaller than the threshold
value for the fused silica. Here 500 nm thick copper film is ablated
using F = 70, with a fluence 0.5 J/cm2 with a moving table at the
speed of 1 mm/s. The fluence was chosen so that the copper was
removed without damaging the fused silica. Fig. 3.12 shows micro-
scope images of an ablated copper coil.
Femtosecond laser ablation with a single beam is a single step
process and a precise method of producing small amounts of com-
ponentswith a specific design that are used, for example, in scientific
research or to determine the best design for a component. The pro-
cessing times tend to be very long with this single beam ablation. To
speed up this ablation process, it is necessary to utilize more energy
from the laser. When ablating the small detail structures increasing
of the fluence is not an option and either beam size must be made
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Figure 3.12: Microscope images with different magnifications of the ablation made to the
copper film on the fused silica substrate.
larger or number of beams increased. Beam size can be increased,
for example, in one direction with a cylindrical lens.
To increase the use of laser energy in ablation a cylindrical lens
is used. By changing the length of the focused line the fluence can
be changed. This can be done with a combination of two cylindrical
lenses of different focal lengths, Fx and Fy. The lens Fx is used to
focus the beam on to the surface in x-direction and the lens Fy is used
to focus the beam in the y-direction. By keeping the lens Fx in place
and moving the lens Fy the width of the beam in the y-direction can
be changed. A negative focal length cylindrical lens can be used to
make the line longer than the width of the beam before focusing. By
using all the laser energy with a long line the ablation rate can be
enhanced considerably compared with spherical focus ablation and
still achieve high detail structures.
This elongated focus is good for processingmaterial either by ab-
lating in position or by moving the sample in the y-direction. The
number of pulses per location depends on the repetition rate of the
laser, the moving speed and beam width. The lengthening of the
focused beam in the y-direction increases the number of pulses per
location, when the groove is ablated by moving the sample at a con-
stant speed. If fewer pulses are needed, then the sample can bemoved
at higher speeds. Smaller fluence can beusedwith larger beamwidths
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since the number of the pulses per location increases. Using an elon-
gated beam limits ablation to occur only in a single direction, if the
lens system is not mounted in a motorized rotation stage.
Ablation of the grooves side by side forms a 1D grating. If this
ablation is repeatedwith a 90-degree turn of the sample, a 2D grating
is formed. The fluencewas 1.4 J/cm2with focus dimensions of 15µm
wide and 2 cm. The focusing on the sample is donewith a cylindrical
lens F = 50 mm and 200 pulses were used to ablate the structures
shown in Fig. 3.13. The ablation time of this 1D grating is 13 min
for an area of 2 cm × 2 cm, where 5 min is the ablation time and
7 min the moving of the sample. Ablation of this 1D grating with
spherical focus at a 1mm/s speed takes eight hours. This grating can
3 m 10 m
Figure 3.13: SEM-images of the ablated 1D and 2D gratings on stainless steel; the ablations
are done using a cylindrical lens to focus the beam.
be used, for example, to study the effect of topographies on surface
wettability, which is discussed in section 5.2.1.
3.4.2 Parallel micromachining using diffractive optical element
To increase the use of laser energy in ablation, parallel beams are
used to ablate simultaneously. The used femtosecond laser has a
3 mJ pulse energy. For example, if a silicon wafer is ablated, then
the number of the beams which would still have fluence exceeding
the ablation threshold value can be calculated using equation (3.37).
When using a 100 mm focal length lens with 8 mm beam width and
λ = 790 nm, then the beam size can be calculatedwith equation (3.34)
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be used, for example, to study the effect of topographies on surface
wettability, which is discussed in section 5.2.1.
3.4.2 Parallel micromachining using diffractive optical element
To increase the use of laser energy in ablation, parallel beams are
used to ablate simultaneously. The used femtosecond laser has a
3 mJ pulse energy. For example, if a silicon wafer is ablated, then
the number of the beams which would still have fluence exceeding
the ablation threshold value can be calculated using equation (3.37).
When using a 100 mm focal length lens with 8 mm beam width and
λ = 790 nm, then the beam size can be calculatedwith equation (3.34)
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to be approximately 12.57 µm as radius and 4.97 µm2 as illuminated
area. Bymultiplying the ablation threshold value by this illuminated
area, the necessary energy per pulse to ablate using this lens can be
calculated. IfΦThm=0.150 J/cm2, then the necessary energy per pulse
is approximately EThm=0.75µJ. If 3·EThm value is used formicrostruc-
turing, then the maximum number of beams usable for the ablation
is approximately 1300. This means that less than one percent of the
laser energy is needed to ablate using a single beam focused with
this lens.
One can divide the beam with a suitable DOE. Fig. 3.14 shows
DOE L SampleP
Figure 3.14: Schematic of femtosecond laser ablation setup with DOE.
part of an optical setup with DOE added. In Fig. 3.14 the red shape
P illustrates the femtosecond pulses and L is the focusing lens. The
DOE divides the original beam into an array of 5 × 5 beams, which
are focused on the sample surface with a lens. The DOE is a diffrac-
tive beam splitter and has been fabricated at theUniversity of Eastern
Finlandwith electron beam lithography [67]. The output of this DOE
is shown in Fig. 3.15.
The parallel ablation of the holes is demonstrated with a silicon
sample. When a 100 mm focal length lens is used to focus beams it
forms a 25-spot array with a period of 50 µm on the sample surface,
thus ablating 25 holes with a fluence of 4.4 J/cm2 per beam andwith
500 pulses. After ablation, the sample is moved and the ablation re-
peated. Consequently a large area with holes can be covered faster
than with a single beam. This parallel approach to ablate holes is
shown in Fig. 3.16. Image (a) shows the sample after the ablation is
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Figure 3.15: Theoretical (a) and experimental (b) far-field intensity distribution of the de-
signed DOE. In (a) the lower figure is line intensity distribution from the upper one (red
line). The distance between two dots is 50 µm, when focusing with a 100 mm focal length
lens.
20 m 20 m
(a) (b)
Figure 3.16: SEM-images of the ablation made with a DOE forming a 5×5 array of beams
ablating holes in the silicon, arrays are ablated next to each other to form large area of holes.
Image (a) shows the sample surface after the ablation and (b) the sample surface after it is
cleaned with an ultrasonic bath.
performed and image (b) the sample after it is cleaned with an ultra-
sonic bath in acetone. Cleaning the sample is necessary because the
ablation forms debris, which is visible in Fig. 3.16 (a). This debris
is not easily removed, as shown in Fig. 3.16 (b), since some of the
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Figure 3.16: SEM-images of the ablation made with a DOE forming a 5×5 array of beams
ablating holes in the silicon, arrays are ablated next to each other to form large area of holes.
Image (a) shows the sample surface after the ablation and (b) the sample surface after it is
cleaned with an ultrasonic bath.
performed and image (b) the sample after it is cleaned with an ultra-
sonic bath in acetone. Cleaning the sample is necessary because the
ablation forms debris, which is visible in Fig. 3.16 (a). This debris
is not easily removed, as shown in Fig. 3.16 (b), since some of the
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particles bond strongly to the surface during the laser ablation. This
problem is discussed in the next section.
Parallel ablationmakes processing of surface structures faster but
conventional DOEs take a long time to fabricate, in some cases need-
ing clean room facilities and, for example, electron beam lithography
tools.
3.5 INFLUENCE OF ATMOSPHERE ON FEMTOSECOND AB-
LATION
Preventing the formation of self-organizingmicrostructures is tested
by ablating in a sprayed thin water film on a material surface. The
influence of ablation atmospheres on self-organized microstructure
formation is also tested using an atmosphere chamber, where the gas
pressure can be adjusted.
3.5.1 Prevention of coral-like structures with water spray
In addition to self-organized structures, a great deal of debris is formed
during laser ablation and its removal is often required [68, 69]. Wa-
ter has been used in laser processing as a cleaning method [70–83].
Debris removal can also be performed with a water-soluble coating
which is later removed [84]. All the above-mentioned methods have
disadvantages such as scattering from water droplets, requiring ad-
ditional process steps and additional coating or post cleaning.
Ablation inwater has additional problemswhenusing high-intensity
ultrashort laser pulses due to optical distortion in water and related
effect. [85, 86]. These problems can be avoided by using a layer of
the water a few micrometers thick. This thin water layer can be gen-
erated by various methods, for example, water jet, steam cleaner or
water spray [70–83].
In this section, we present the femtosecond laser ablation of stain-
less steel under the sprayedwater layer. The effect of this is shown by
comparing the groove ablation in the air and under the water spray
using identical laser parameters. Fig. 3.17 shows the optical setup
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Figure 3.17: Schematic of the femtosecond laser ablation setup with a waterspray.
with the added water spray. WS is the water spray, P the femtosec-
ond pulses and L the focusing lens. The water spray was generated
with pressurized air in a plastic pipette around a metallic injection
needle which was connected to the water container. The water spray
is pointed at a surface from distance of 5 cm, with 40 l/min of air
and 50 ml/h of water, it produces about 1 cm2 area of water film
that has constant thickness of few micrometers. Fig. 3.18 presents a
microscope image and a SEM image of ablated grooves. Ablation of
the groove starts without the water spray and then the water spray is
turned on. The place where the water spray starts is clearly visible in
Fig. 3.18. This image shows how this water spray changes the abla-
tion behavior. Fig. 3.19 shows SEM images from the ablated grooves
with the fluence values 1.3, 3.8 and 25.5 J/cm2 and pulse numbers
200, 120 and 50 for each location, respectively. In this series of im-
ages in Fig. 3.19 (a-c) are made without the water spray and images
(d-e)with the spray. In the unsprayed area the groove is coveredwith
self-organized microstructures. The ablations made with the water
spray demonstrate that the area of the groove is smooth and contains
no self-organized microstructures. The surface around the ablated
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Figure 3.17: Schematic of the femtosecond laser ablation setup with a waterspray.
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Figure 3.18: (a) The microscope and (b) the SEM image of the ablated groove by moving the
focused beam from left to right on a stainless steel surface: first the water spray is off and
then turned on.
(a) (b) (c)
(d) (e) (f)
Figure 3.19: The SEM-images of the grooves made by ablation, with various fluences. (a-c)
without the water spray and (d-e) with the water spray. Ablations are done to the stainless
steel.
groove is free from debris. Note however, that the grooves shown in
Fig. 3.19 (a-c) have been cleaned with the ultrasonic bath after ab-
lation to show that the structures in the grooves are solid and not
easily removable. The grooves shown in Fig. 3.19 (d-e) are imaged
without extra cleaning. Fig. 3.20 shows magnifications of groove ab-
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Figure 3.20: The ablated groove areas are covered with LIPSS. (a) Ablation in the air. (b)
Ablation in the water layer. The material is the stainless steel.
lations made with and without water spray. The grooves made with
the water spray are covered with LIPSS.
The formation mechanism of the self-organized microstructures
is not fully understood [62]. This is because the mechanism is de-
pendent on parameters such as material, laser (fluence, pulse num-
ber, polarization, etc.) and atmosphere (pressure, gas, etc.). Here we
have shown a method to prevent the formation of the self-organized
microstructures.
3.5.2 Ablation rate enhancement with water spray
The femtosecond laser ablation of the surface under thewater sprayed
layer with the femtosecond laser demonstrates that hole drilling can
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be more efficient than in the air.
The schematic of the ablation setup used is shown in Fig. 3.21.
The holes were ablated using a DOE to divide the laser beam into an
Distilledwater
Pressurized air
DOE L
WS
SampleP
Figure 3.21: Schematic of the femtosecond laser ablation setup with a waterspray.
array of beams and water spray was used to form a thin water layer.
Fig. 3.22 shows the SEM images of ablated hole arrays. Ablations are
performed with a fluence of 4.4 J/cm2 per beam using 500 pulses.
Fig. 3.22 (a) is without and Fig. 3.22 (b) with the water spray. Fig.
3.22 (a) is imaged after cleaning with a ultrasonic bath. Fig. 3.22 (b)
is imaged after ablation. The surface in Fig. 3.22 (b) is free from the
debris and the surface between holes is cleaner than in Fig. 3.22 (a).
Fig. 3.23 presents the SEM images from the cross-sections of the
ablated holes without (a, c) and with (b, d) the water spray. Abla-
tion in the water spray has not been affected by debris which can be
seen as a slightly larger entrance aperture of the holes. The depths of
the holes were measured from the SEM images of the cross-sections
made with different values of fluence and pulse number. The mea-
sured values were plotted in Fig. 3.24. The plot indicates that with
the water spray the holes become deeper and the depth of the holes
are more consistent when using more than 100 pulses to ablate. This
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Figure 3.22: The SEM-images of the ablation made with a DOE on the silicon without (a)
and with the water spray (b).
40 m 40 m
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(c) (d)
Figure 3.23: SEM-images of the ablations made in the silicon without (a), (c) and with (b),
(d) the water spray.
demonstrates that the ablation rate is increased when water spray is
used. This is due to the fact that the debris is removed from the holes
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Figure 3.24: Ablation depth as a function of fluence. Pulse numbers: blue 100 pulses, green
500 pulses and red 1000 pulses. The dashed lines in the graph are made without and solid
lines with the water spray. Circles and crosses are data and lines are logarithmical fittings.
between the consecutive pulses. Holes ablated in the air show that
debris accumulates on the sides of the hole. The accumulating de-
bris reduces the entrance of the hole, which decreases the ablation
rate. Holes can even become curved because the debris scatters the
beam. This can be avoided using the water spray and the quality of
ablated holes is increased.
3.5.3 Ablation in various gas types and pressures
To test the effect of the atmosphere on the ablation, experimentswere
performed using a chamber where the content and pressure of the
gas could be adjusted. The schematic of the chamber is shown in Fig.
3.25. The gas pressure inside the chamber can be adjusted between
0.1-2.1 bar. The ablation of the grooves occured by placing a sample
inside the chamber on the sample holder, then sealing the chamber
and placing it on top of the 3D translation table. The pressure was
adjusted and the femtosecond beam focused through the fused sil-
ica window onto the sample surface with a 100mm focal length lens.
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Figure 3.25: An atmospheric control chamber for femtosecond laser ablation.
The surface was placed at a distance of 3 mm from the focus, illumi-
nating a 200 µmwide area.
For each value of air pressure one groove is ablated using a con-
stant fluence of 1.6 J/cm2 and pulse number per location of 200 for
stainless steel. The results are presented in Fig. 3.26, where SEM
images of ablated structures are shown as a function of the gas pres-
sure of the chamber. The size of the coral-like structures changes as
the air pressure changes. It is evident from the set of images that at
approximately 1000 mbar the self-organizing structures are at their
minimum size and deviation from 1000 mbar starts to increase the
size of the self-organizing microstructures. This pressure effect can
be used, for example, to speed up the ablation of the coral-like self-
organizing microstructures.
Fig. 3.27 shows ablation done at 1.5 bar pressure in compressed
air Fig. 3.27 (a) and nitrogen Fig. 3.27 (b). These ablations are per-
formed with a fluence of 0.9 J/cm2 and pulse number per location
of 300 for stainless steel. The images in Fig. 3.27 indicate that the
average size of the coral-like structures is the same, but the ablation
seems smoother when performed in the nitrogen as shown in Fig.
3.27 (b). This smoothness is likely result from the lack of a layer of
oxidized debris. A similar surface without the oxidized debris layer
can be obtained by ablating in 0.100 bar air pressure, as shown in
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rate. Holes can even become curved because the debris scatters the
beam. This can be avoided using the water spray and the quality of
ablated holes is increased.
3.5.3 Ablation in various gas types and pressures
To test the effect of the atmosphere on the ablation, experimentswere
performed using a chamber where the content and pressure of the
gas could be adjusted. The schematic of the chamber is shown in Fig.
3.25. The gas pressure inside the chamber can be adjusted between
0.1-2.1 bar. The ablation of the grooves occured by placing a sample
inside the chamber on the sample holder, then sealing the chamber
and placing it on top of the 3D translation table. The pressure was
adjusted and the femtosecond beam focused through the fused sil-
ica window onto the sample surface with a 100mm focal length lens.
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minimum size and deviation from 1000 mbar starts to increase the
size of the self-organizing microstructures. This pressure effect can
be used, for example, to speed up the ablation of the coral-like self-
organizing microstructures.
Fig. 3.27 shows ablation done at 1.5 bar pressure in compressed
air Fig. 3.27 (a) and nitrogen Fig. 3.27 (b). These ablations are per-
formed with a fluence of 0.9 J/cm2 and pulse number per location
of 300 for stainless steel. The images in Fig. 3.27 indicate that the
average size of the coral-like structures is the same, but the ablation
seems smoother when performed in the nitrogen as shown in Fig.
3.27 (b). This smoothness is likely result from the lack of a layer of
oxidized debris. A similar surface without the oxidized debris layer
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Figure 3.26: The ablated coral-like microstructures as a function of the air pressure. Num-
bers correspond to the air pressure in mbar.
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Figure 3.27: The ablated coral-like microstructures in 1.5 bar pressure. (a) ablation in com-
pressed air and (b) ablation in nitrogen.
Fig. 3.28. The structures are ablated with a fluence of 0.9 J/cm2 and
300 pulses per location for the stainless steel. This low pressure or
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Figure 3.28: The ablated coral-like microstructures at 0.1 bar pressure in air.
nitrogen atmosphere can be used to make structured areas without
forming oxidized material.
3.6 CONCLUSION
In this chapter various methods of microstructuring using basic op-
tical components have been discussed. The increase of the ablation
rate was obtained by using large beam areas and parallel beams. The
speeding up of microprocessing was also shown by changing the
pressure of the atmosphere in the case of the induced microstruc-
tures. The ablation rate increased using a water spray; this removes
and prevents ablation debris from blocking the holes. The water
spray also prevents microstructures from forming, thus allowing the
use of higher fluences.
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Figure 3.26: The ablated coral-like microstructures as a function of the air pressure. Num-
bers correspond to the air pressure in mbar.
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Figure 3.28: The ablated coral-like microstructures at 0.1 bar pressure in air.
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tures. The ablation rate increased using a water spray; this removes
and prevents ablation debris from blocking the holes. The water
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4 Hologram design for con-
trolling femtosecond laser
beam with spatial light mod-
ulator
Using a spatial lightmodulator with computer-generated holograms
(CGH) to permit phase modulation of femtosecond pulses, enables
high precision control over the laser beam. The Liquid Crystal On
Silicon - Spatial Light Modulator (LCOS-SLM) allows the multilevel
phase modulation of the femtosecond laser beam. This element pro-
vides much more freedom compared to conventional diffractive op-
tical elements etched in glass. The laser beam can be divided into
several beams and the locations and energy of each beam can be ad-
dressed individually.
The design of the hologram employed is a combination of several
calculation steps such as the calculation of the hologram mathemat-
ically, signal optimization and optimization of the signal using the
camera feedback. The calculation of the hologram represents the for-
mation of a phase to modulate the laser beam at the SLM plane that
forms the desired intensity pattern at the image plane. Optimiza-
tions can be calculated using iterative methods such as the Iterative
Fourier Transform Algorithm (IFTA) [18,87–90], Yang-Gu algorithm
[91] or Fresnel ping-pong algorithm [92]. IFTA is a method where
Fourier transforms are utilized in the design process and Fourier
transforms can be approximated using Fast Fourier Transform (FFT).
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4.1 ABLATION SETUP WITH SPATIAL LIGHTMODULATOR
The experiments were done with the setup shown in Fig. 4.1. A
Hamamatsu X10468 series LCOS-SLM and the optical setup shown
in Fig. 4.1 were added to the optical setup shown in Fig. 3.2. The
LCOS-SLM
cam2
cam1F1
F2
F3
F4
sample
translationtable
Femtosecond pulses
120fs, 790nm, 1kHz
W
SLM plane Image plane Beam blocker
Figure 4.1: Schematic of the femtosecond laser setup with LCOS-SLM.
screen of the SLM is an array of 600× 792 pixelswith 20× 20µmpixel
dimensions. The SLMhas a light utilization efficiency of 79%, usable
pixel area of 95% and 207 phasemodulation levels at thewavelength
of 790 nm. In practice, the pulse energy is limited to 1.5 mJ due to the
peak power handling of the liquid crystal cell. W is a half- or quarter-
waveplate for adjusting the polarization state of the beams. In Fig.
4.1 the lens F1 collimate beams from the image plane and the lens
F2 focuses beams on the sample surface. The lenses F1 and F3 image
beams on camera cam1 from the image plane. Camera cam1 is used
to measure the signal, which in turn is used as the feedback of the
beam amplitudes to the IFTA code to balance and correct intensity
distributions; it is also used to align optical components. The lenses
F2 and F4 image the sample surface on camera cam2. Camera cam2
is used to monitor the ablation process, to search for the focus on
the sample surface andmeasure the sample’s dimensions (width and
length) and surface profiles. The ablation andmonitoringwere done
through the same lens F2, with a focal length between 11 mm - 100
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light modulator
(a) (b)
Figure 4.2: (a) Phase of a converging spherical wave with a focal length of 500 mm and 11
mm aperture. (b) Hamamatsu background correction for SLM.
mm depending on the necessary beam sizes on the material surface.
The distance between the SLM plane and the image plane was 500
mm.
The liquid crystal (LC) element changes the phase of the light by
changing the refractive index of each pixel. The LC is anisotropic be-
cause it is a liquid suspension of rod-shaped crystal. The orientation
of the LC rod is controlled by electric or magnetic fields. Depending
on the design of the LC element, the polarization state of the light
may be different after the element. In our element, the polarization
remains the same.
SLM is used to produce a desired phase modulation with a CGH
which is addedwith the phase of the converging sphericalwave shown
in Fig. 4.2 (a). A background correction phase by Hamamatsu is
added to each hologram. This background correction, shown in Fig.
4.2 (b)minimizes the SLMoptical errors caused by thematerial bend-
ing and thickness variation, of the SLM screen when it was con-
structed. The focus of the desired intensity distribution is in the im-
age plane. This image plane is imaged on both sample surface and
on camera cam1 with 4F optical systems. In micromachining the use
of the hologram modified femtosecond laser beam requires the de-
sign of diffractive beam splitters to formmany beams, having desired
properties. This means that the amplitude profile and the spectrum
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Figure 4.1: Schematic of the femtosecond laser setup with LCOS-SLM.
screen of the SLM is an array of 600× 792 pixelswith 20× 20µmpixel
dimensions. The SLMhas a light utilization efficiency of 79%, usable
pixel area of 95% and 207 phasemodulation levels at thewavelength
of 790 nm. In practice, the pulse energy is limited to 1.5 mJ due to the
peak power handling of the liquid crystal cell. W is a half- or quarter-
waveplate for adjusting the polarization state of the beams. In Fig.
4.1 the lens F1 collimate beams from the image plane and the lens
F2 focuses beams on the sample surface. The lenses F1 and F3 image
beams on camera cam1 from the image plane. Camera cam1 is used
to measure the signal, which in turn is used as the feedback of the
beam amplitudes to the IFTA code to balance and correct intensity
distributions; it is also used to align optical components. The lenses
F2 and F4 image the sample surface on camera cam2. Camera cam2
is used to monitor the ablation process, to search for the focus on
the sample surface andmeasure the sample’s dimensions (width and
length) and surface profiles. The ablation andmonitoringwere done
through the same lens F2, with a focal length between 11 mm - 100
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Figure 4.2: (a) Phase of a converging spherical wave with a focal length of 500 mm and 11
mm aperture. (b) Hamamatsu background correction for SLM.
mm depending on the necessary beam sizes on the material surface.
The distance between the SLM plane and the image plane was 500
mm.
The liquid crystal (LC) element changes the phase of the light by
changing the refractive index of each pixel. The LC is anisotropic be-
cause it is a liquid suspension of rod-shaped crystal. The orientation
of the LC rod is controlled by electric or magnetic fields. Depending
on the design of the LC element, the polarization state of the light
may be different after the element. In our element, the polarization
remains the same.
SLM is used to produce a desired phase modulation with a CGH
which is addedwith the phase of the converging sphericalwave shown
in Fig. 4.2 (a). A background correction phase by Hamamatsu is
added to each hologram. This background correction, shown in Fig.
4.2 (b)minimizes the SLMoptical errors caused by thematerial bend-
ing and thickness variation, of the SLM screen when it was con-
structed. The focus of the desired intensity distribution is in the im-
age plane. This image plane is imaged on both sample surface and
on camera cam1 with 4F optical systems. In micromachining the use
of the hologram modified femtosecond laser beam requires the de-
sign of diffractive beam splitters to formmany beams, having desired
properties. This means that the amplitude profile and the spectrum
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Figure 4.3: (a) CGH of a 5 × 5 beam-splitter grating in radians. (b) CGH of a 5 × 5
beam-splitter adding a phase of a converging spherical wave and Hamamatsu background
correction in radians. (c) Calculated desired beams with surrounding signal noise in a.u.
of the used laser must be known. Another method is to use the cam-
era feedback of the formed signal to correct the errors caused by the
non-Gaussian amplitude profile of the laser beam, environment and
alignment of the setup.
Fig. 4.3 shows an example of a CGH producing a 5 × 5 beam-
splitter. The calculation of CGH is performed with the Virtual lab
program. Fig. 4.3 (b) indicates the CGH with the added phase of a
converging spherical wave and the background correction. Fig. 4.3
(c) shows the calculated image of beam intensities. In this image ex-
tra beams which are defined as signal noise (SN) surround the 5 × 5
array of the desired beams.
Several types of noise are produced in the signal plane when
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a CGH is used to produce the phase modulation on the femtosec-
ond laser beam. In the case of using a CGH without a converging
spherical wave, as would be the case if the SLM were used like the
DOE shown in Fig. 3.14, then the zeroth-order would be focused at
the center of the desired signal. The zeroth-order with SLM is too
strong to be balanced at the same amplitude level as the desired sig-
nal. Therefore, the phase of a converging spherical wave is added to
the CGH. The spherical wave changes the divergence of the desired
signal. The converging spherical waveworks like a lens and the focal
length of the spherical wave is the distance between image plane and
SLM plane.
The element noise (EN) is defined as part of the beam unaffected
by phase modulation. This is the surface reflection of the SLM, the
leakage at the pixel edges and the part of the beam that is in the
wrong polarization state at the SLM. In Fig. 4.3 the beam division
into an array of 5 × 5 beams at the image plane with a converging
spherical wave is shown. A plot is shown in Fig. 4.4 through the
center of the beam array presented in Fig. 4.3 showing a wider part
of the image plane. In this plot, the green line shows the desired
signal beams. At the same location as the signal is an exaggerated
EN in red. The EN disturbs the ablation process and measurement
of desired beams with a camera and should therefore be removed.
Since EN is collimated at the image plane, it is focused by F1 on the
beam blocker, shown in Fig. 4.1, that stops EN from continuing to
the sample surface or to cam1. The diffraction orders of the signal
are shown in Fig. 4.4 in black. The diffraction orders are the result of
the pixel size of the SLM, which make discontinuations to the phase,
as shown in Fig. 4.5, in the case of high spatial frequency.
The hologram design is limited by the size of the LCOS-SLM
screen, the dimensions of the pixels and the number of phase mod-
ulation levels. The size of the SLM pixel limits the high spatial fre-
quencies, which determine the highest applicable diffraction angles.
By using the diffractive grating equation
sin(θi) + sin(θm) = m
λ
Λ
, (4.1)
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Figure 4.3: (a) CGH of a 5 × 5 beam-splitter grating in radians. (b) CGH of a 5 × 5
beam-splitter adding a phase of a converging spherical wave and Hamamatsu background
correction in radians. (c) Calculated desired beams with surrounding signal noise in a.u.
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(c) shows the calculated image of beam intensities. In this image ex-
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array of the desired beams.
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the center of the desired signal. The zeroth-order with SLM is too
strong to be balanced at the same amplitude level as the desired sig-
nal. Therefore, the phase of a converging spherical wave is added to
the CGH. The spherical wave changes the divergence of the desired
signal. The converging spherical waveworks like a lens and the focal
length of the spherical wave is the distance between image plane and
SLM plane.
The element noise (EN) is defined as part of the beam unaffected
by phase modulation. This is the surface reflection of the SLM, the
leakage at the pixel edges and the part of the beam that is in the
wrong polarization state at the SLM. In Fig. 4.3 the beam division
into an array of 5 × 5 beams at the image plane with a converging
spherical wave is shown. A plot is shown in Fig. 4.4 through the
center of the beam array presented in Fig. 4.3 showing a wider part
of the image plane. In this plot, the green line shows the desired
signal beams. At the same location as the signal is an exaggerated
EN in red. The EN disturbs the ablation process and measurement
of desired beams with a camera and should therefore be removed.
Since EN is collimated at the image plane, it is focused by F1 on the
beam blocker, shown in Fig. 4.1, that stops EN from continuing to
the sample surface or to cam1. The diffraction orders of the signal
are shown in Fig. 4.4 in black. The diffraction orders are the result of
the pixel size of the SLM, which make discontinuations to the phase,
as shown in Fig. 4.5, in the case of high spatial frequency.
The hologram design is limited by the size of the LCOS-SLM
screen, the dimensions of the pixels and the number of phase mod-
ulation levels. The size of the SLM pixel limits the high spatial fre-
quencies, which determine the highest applicable diffraction angles.
By using the diffractive grating equation
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Λ
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Figure 4.4: An exaggerated situation showing designed signal beams in green, element noise
in red and signal diffraction ordersm = ±1 from the image plane in black.
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Figure 4.5: Phase of diffractive grating with a period of 3 pixels on SLM.
where θi is the incoming angle and θm the angle of the outgoing
diffraction order m = ... − 2,−1, 0, 1, 2, .... A diffractive grating is
shown in Fig. 4.5. As an example, m = 1, θi = 0 and grating period
Λ = Ndp is used, whereN is the number of pixels per grating period
and dp the size of the SLM pixel. The equation for maximum signal
window width L can be written as
L = 2F1 tan(θ1), (4.2)
where
θ1 = sin
−1
(
λ
Ndp
)
. (4.3)
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For example, if F1 = 500 mm, λ = 790 nm, dp = 20 µm and N = 3,
then L ≈ 13 mm. By using equation (3.33), the values f = 500 mm,
λ = 790 nm, w0 = 7.8mm results in the value w′0 ≈ 65µm. If 0.25 fill
factor is used, which is the ratio of the beam width to the distance
between the beams, an array of 50 × 50 beams can be fitted into the
signal window of 13 mm × 13 mm. If lens F2 = 50 mm is used, then
the magnification of the optical setup isM =F2/F1 = 0.1. Therefore
the size of the ablated 50× 50 array of holeswould beL′ =ML = 1.3
mm, with the distance between holes Λh = L′/(50− 1) ≈ 26.5 µm.
4.2 HOLOGRAMDESIGN
Holograms are designed using IFTA. Discrete Fast Fourier Trans-
forms are used to calculate propagation of the fields between the
SLM plane and the image plane.
4.2.1 Iterative Fourier transform algorithm
To design the computer-generated holograms (CGH) the Iterative
Fourier Transform Algorithm (IFTA) is used [18, 87–90]. The idea
is to find an optimal phase to modulate the laser beam, which forms
a desired intensity pattern in the image plane.
Fig. 4.6 shows a flow chart for the IFTA used in this thesis. In
this IFTA, fields at two planes which are the SLM and the image
plane of the setup are modeled. These planes are shown in Fig. 4.1.
Throughout the calculation, matrixes and fields as large data arrays
are used. A 600×600 pixel array is generally used for the data, which
is surrounded with zero padding making a total size 800 × 800 pix-
els. Zero padding is used to obtain correct results from FFT. If the
amplitude does not reduce to zero on the edge, it will create an edge
diffraction or an aperture diffraction. Red letters in Fig. 4.6 show the
locations of IFTA steps. Iteration starts at iteration roundm = 1.
At stepA in Fig. 4.6, the desired amplitudematrixEm=1(x, y, z0+
∆z) is formedwith theAt,m=1 vector of the target amplitudes. Φm=1(x, y)
are values between 0−2π or constant overwhole data array. Φm=1(x, y)
is added with the phase of a converging spherical wave.
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Figure 4.4: An exaggerated situation showing designed signal beams in green, element noise
in red and signal diffraction ordersm = ±1 from the image plane in black.
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Figure 4.5: Phase of diffractive grating with a period of 3 pixels on SLM.
where θi is the incoming angle and θm the angle of the outgoing
diffraction order m = ... − 2,−1, 0, 1, 2, .... A diffractive grating is
shown in Fig. 4.5. As an example, m = 1, θi = 0 and grating period
Λ = Ndp is used, whereN is the number of pixels per grating period
and dp the size of the SLM pixel. The equation for maximum signal
window width L can be written as
L = 2F1 tan(θ1), (4.2)
where
θ1 = sin
−1
(
λ
Ndp
)
. (4.3)
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For example, if F1 = 500 mm, λ = 790 nm, dp = 20 µm and N = 3,
then L ≈ 13 mm. By using equation (3.33), the values f = 500 mm,
λ = 790 nm, w0 = 7.8mm results in the value w′0 ≈ 65µm. If 0.25 fill
factor is used, which is the ratio of the beam width to the distance
between the beams, an array of 50 × 50 beams can be fitted into the
signal window of 13 mm × 13 mm. If lens F2 = 50 mm is used, then
the magnification of the optical setup isM =F2/F1 = 0.1. Therefore
the size of the ablated 50× 50 array of holeswould beL′ =ML = 1.3
mm, with the distance between holes Λh = L′/(50− 1) ≈ 26.5 µm.
4.2 HOLOGRAMDESIGN
Holograms are designed using IFTA. Discrete Fast Fourier Trans-
forms are used to calculate propagation of the fields between the
SLM plane and the image plane.
4.2.1 Iterative Fourier transform algorithm
To design the computer-generated holograms (CGH) the Iterative
Fourier Transform Algorithm (IFTA) is used [18, 87–90]. The idea
is to find an optimal phase to modulate the laser beam, which forms
a desired intensity pattern in the image plane.
Fig. 4.6 shows a flow chart for the IFTA used in this thesis. In
this IFTA, fields at two planes which are the SLM and the image
plane of the setup are modeled. These planes are shown in Fig. 4.1.
Throughout the calculation, matrixes and fields as large data arrays
are used. A 600×600 pixel array is generally used for the data, which
is surrounded with zero padding making a total size 800 × 800 pix-
els. Zero padding is used to obtain correct results from FFT. If the
amplitude does not reduce to zero on the edge, it will create an edge
diffraction or an aperture diffraction. Red letters in Fig. 4.6 show the
locations of IFTA steps. Iteration starts at iteration roundm = 1.
At stepA in Fig. 4.6, the desired amplitudematrixEm=1(x, y, z0+
∆z) is formedwith theAt,m=1 vector of the target amplitudes. Φm=1(x, y)
are values between 0−2π or constant overwhole data array. Φm=1(x, y)
is added with the phase of a converging spherical wave.
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Figure 4.6: Iterative Fourier Transform Algorithm used in this thesis. Red letters indicate
the location of the IFTA steps.
At step B, a complex field is formed as
Ê(x, y, z0 +∆z) = Em=1(x, y, z0 +∆z) exp[−iΦm=1(x, y, z0 +∆z)].
(4.4)
At step C, the complex field is propagated from the image plane
to the SLM plane. Propagation is performed using FFT with equa-
tions (3.12) and (3.13). The first FFT is taken from the complex field to
produce an angular spectrum. The angular spectrum is multiplied
by the FFT of a converging sphericalwave to propagate different field
components. Next, the inverse FFT is calculated from the product;
this result is a complex field Ê(x, y, z0) located at SLM plane.
At step D, the complex field is separated into the amplitude ma-
trix and the phase matrix as
E(x, y, z0) = |Ê(x, y, z0)| (4.5)
and
Φ(x, y, z0) = arg[Ê(x, y, z0)]. (4.6)
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At step E, a new complex field is formed as
Ê(x, y, z0) = EL(x, y, z0) exp[−iΦ(x, y, z0)], (4.7)
where EL(x, y, z0) is amplitude profile of the used laser beam and
the phase Φ(x, y, z0) is a CGH. This is the field that is reflected from
the SLM, when the femtosecond beam is modulated with a CGH.
At step F, the complex field is allowed to propagate from the SLM
plane to the image plane. Propagation is done as in step C, but now
in the other direction and the result is a complex field Ê(x, y, z0+∆z)
at the image plane.
At step G, the complex field is separated as
E(x, y, z0 +∆z) = |Ê(x, y, z0 +∆z)| (4.8)
and
Φm=2(x, y, z0 +∆z) = arg[Ê(x, y, z0 +∆z)]. (4.9)
The amplitudes E(x, y, z0 + ∆z) are put into a vector Ap,m. Ap,m is
compared with the desired amplitudes At,m=1 to determine if itera-
tion will continue to step H or step I.
At step H, two possible adjustments can be made, either a phase
freedom or an amplitude guidance. Phase freedom means that the
complex field of the next iteration rounds is formed as
Êm=2(x, y, z0 +∆z) = Em=1(x, y, z0 +∆z) exp[−iΦm=2(x, y, z0 +∆z)]
(4.10)
and the amplitude ofm = 1 is kept. Amplitude guidance means that
the desired amplitudesAt,m=1 are divided by the calculated normal-
ized amplitudes Ap of all iteration rounds forming At,m=2. In this
caseEm=2(x, y, z0+∆z) is formedwithAt,m=2 and the complex field
is formed as
Êm=2(x, y, z0 +∆z) = Em=2(x, y, z0 +∆z) exp[−iΦm=1(x, y, z0 +∆z)]
(4.11)
and the phase ofm = 1 is kept. In both cases the iteration continues
to step B.
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The amplitudes E(x, y, z0 + ∆z) are put into a vector Ap,m. Ap,m is
compared with the desired amplitudes At,m=1 to determine if itera-
tion will continue to step H or step I.
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At step G, if the next step is selected to be I, then the IFTA iter-
ation is ended and the phase Φm(x, y, z0 + ∆z) is the desired CGH,
which produces Em(x, y, z0 + ∆z), that is within the constraints of
the design.
4.2.2 Diffractive beam-splitter
As an example, a hologram generating a 20×20 beam array is de-
signed using the amplitude guidance form of IFTA. The iteration
starts by producing the amplitude Em=1(x, y, z0 + ∆z) matrix and
the phase Φm=1(x, y, z0 +∆z)matrix of the complex field at the im-
age plane z = z0 +∆z (Fig. 4.7.). The amplitude matrix of the Gaus-
(a) (b)
Figure 4.7: (a) E(x, y, z0 +∆z) in a.u, (b) Φ(x, y, z0 +∆z) in radians.
sian beams is described by the sum of the Gaussian distributions at
different locations as
E(x, y) =
N∑
n
At,n
Ap,n
exp
[
−(x− xp)
2 + (y − yp)2
2w2
]
, (4.12)
where At is a vector of the target amplitudes and Ap a vector of the
calculated scaled amplitudes of previous iteration rounds. At the
first iteration round Ap = 1. xp and yp are beam locations, w is the
width of theGaussian beamat the 1/e level andN is the total number
of beams n.
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The starting phase of the beams can be predefined or simply ran-
dom for each beam, with values in the range 0-2π. These phase val-
ues are inserted into the square areas of the phase matrix, see Fig.
4.7 (b). In this case phase values are selected randomly 0-2π, at the
same locations as the beams in the amplitudematrix. The phase over
the beam affects the shape of the forming beam. The aperture of
the phase for each beam should be larger than beam’s 1/e width, so
that beams have no aperture diffraction. The phase of a converging
spherical wave is added to this starting phase before the field is prop-
agated. The complex field is formed using equation (4.4). This field
is then propagated to the SLM plane at location z = z0.
The amplitude matrix of the field is now replaced with EL(x, y),
shown in Fig. 4.8 (a), which is the amplitude profile matrix of the
laser. The complex field is formed using equation (4.7). It is impor-
tant to use the correct amplitude profile, since it affects the ampli-
tudes of forming beams at the image plane. This laser amplitude
profile matrix can either be the mathematical ideal profile or mea-
sured laser beam intensity profile. The phase Φm=1(x, y, z0) shown
in Fig. 4.8 (b) is a hologram. The complex field is then propagated
(a) (b)
Figure 4.8: (a) Laser amplitude profile EL(x, y, z0) (b) phase Φm=1(x, y, z0).
back to the image plane.
The amplitude and phase of the field are separated using equa-
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where At is a vector of the target amplitudes and Ap a vector of the
calculated scaled amplitudes of previous iteration rounds. At the
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The starting phase of the beams can be predefined or simply ran-
dom for each beam, with values in the range 0-2π. These phase val-
ues are inserted into the square areas of the phase matrix, see Fig.
4.7 (b). In this case phase values are selected randomly 0-2π, at the
same locations as the beams in the amplitudematrix. The phase over
the beam affects the shape of the forming beam. The aperture of
the phase for each beam should be larger than beam’s 1/e width, so
that beams have no aperture diffraction. The phase of a converging
spherical wave is added to this starting phase before the field is prop-
agated. The complex field is formed using equation (4.4). This field
is then propagated to the SLM plane at location z = z0.
The amplitude matrix of the field is now replaced with EL(x, y),
shown in Fig. 4.8 (a), which is the amplitude profile matrix of the
laser. The complex field is formed using equation (4.7). It is impor-
tant to use the correct amplitude profile, since it affects the ampli-
tudes of forming beams at the image plane. This laser amplitude
profile matrix can either be the mathematical ideal profile or mea-
sured laser beam intensity profile. The phase Φm=1(x, y, z0) shown
in Fig. 4.8 (b) is a hologram. The complex field is then propagated
(a) (b)
Figure 4.8: (a) Laser amplitude profile EL(x, y, z0) (b) phase Φm=1(x, y, z0).
back to the image plane.
The amplitude and phase of the field are separated using equa-
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tions (4.5) and (4.6). As a result the amplitude of the first iteration
round, shown in the Fig. 4.9 (a), is obtained. The amplitude for
(a) (b)
Figure 4.9: (a) Amplitude E(x, y, z0 + ∆z) of iteration round m = 1 and (b) amplitude
E(x, y, z0 +∆z) of iteration roundm = 20.
each beamAp is calculated from this matrix by integrating over each
beam. Ap values are then divided by the maximum of the group to
scale the values between 0-1. Ap values are then compared with the
desired amplitudes At,m=1. If the amplitudes approach the design
goal, then the iteration is stopped and the phase Φm(x, y, z0) is the
desired optimized hologram. An 1 % variation in beam uniformity
has been used as the limit. If the amplitudes do not yet approach
the design goal values, then the next iteration round is started by
forming a newE(x, y, z0+∆z)matrix using equation (4.12), withAp
values differing from previous ones.
As iteration continues the calculated amplitudes of all preced-
ing iteration rounds M are multiplied to form a set of amplitudes
Ap =
∏M
m=1Ap,m. In the Fig. 4.9 (b) is shown result of the IFTA it-
eration after 20 iteration cycles. If the iteration fails to produce the
desired amplitudes for each beam, the iteration stagnates. Then a
new starting phase Φm=1(x, y, z0+∆z) is chosen, Ap values are reset
to one and iteration is started fromm = 1.
The shortcoming of the amplitude guidance method is the ap-
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pearance of the SN in the image plane. However, this is not a prob-
lem if the amplitude of the SN is below the ablation threshold of the
material.
4.2.3 Uniformity and efficiency of CGH
Next the same 20× 20 design as in Fig. 4.9 and different approaches
in the IFTA are used in order to find CGH producing high efficiency
and closest representation of desired beam amplitudes. To estimate
the efficiency of a hologram, the efficiency η is defined as the sum of
beam intensities divided by the sum of whole intensity matrix as
η = 100%
∑N
n=1A
2
(p,n)∑L/2,L/2
x=−L/2,y=−L/2 |E(x, y, z0 +∆z)|2
, (4.13)
where Ap is vector of amplitudes calculated by an integral over each
beam and L is the width and height of the intensity matrix. To esti-
mate the uniformity υ of the designed beams, the standard deviation
of the beam amplitudes is calculated and divided by the maximum
beam amplitude and the uniformity is defined as
υ = 100%
[
1− std(Ap)max(Ap)
]
. (4.14)
Fig. 4.10 indicates the uniformity of the beams and the efficiency
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Figure 4.10: IFTA design with phase freedom at the image plane. The red line is the unifor-
mity of the beams and the green line is the efficiency.
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mity of the beams and the green line is the efficiency.
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of a designed hologram for each iteration round with IFTA using
phase freedom at the image plane. This plot demonstrates that phase
freedom increases the hologram’s efficiency, green line, up to 93 %,
but does not unify the amplitudes of the beams, red line.
Fig. 4.11 shows the uniformity of the beams and the efficiency of
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Figure 4.11: IFTA design with the amplitude guidance at the image plane using random
starting phase values. The red line is the uniformity of the beams and the green line the
efficiency.
a designed hologram for each iteration round; the IFTA uses ampli-
tude guidance at the image plane with random values as the start-
ing phase. Each time uniformity reaches 99 % a new starting phase
is selected with a random function at the image plane. The plot in
Fig. 4.11 indicates that uniformity is reached within approximately
20 iteration cycles. The efficiency varies depending on the starting
phases.
Fig. 4.12 shows the uniformity of the beams and efficiency of a
designed hologram for each iteration round with IFTA first iteration
round is the phase freedom and successive rounds are the ampli-
tude guidance. Each time uniformity reaches 99 % a phase freedom
is used to change the phase at the image plane. The plot in Fig. 4.12
indicates that uniformity is reached within approximately 22 itera-
tion cycles. The successive iterations using phase freedom and am-
plitude guidance generate holograms forming uniform beams but
holograms with higher efficiency are also found.
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Figure 4.12: IFTA design with amplitude guidance at image plane using phase freedom
cycle as starting phase value. The red line is uniformity of the beams and the green line the
efficiency.
4.2.4 Diffractive beam-splitter with individually controlled am-
plitudes
The hologram design also allows the beam amplitudes to vary. In
section 4.2.2 an example of a diffractive beam-splitter producing equal
amplitudes was calculated; in this case a similar array of beams with
individual amplitudes is calculated, using IFTAwith amplitude guid-
ance and phase freedom at the image plane. For each beam a target
amplitude is chosen and used in equation (4.12), the iteration is car-
ried out as described earlier. Fig. 4.13 shows a hologram at the SLM
plane and calculated amplitude at the image plane. As is clearly visi-
ble in the figure the amplitudes at rows are equal and the amplitudes
change gradually in the columns. The SN around the signal window
is attenuated compared with the case in section 4.2.2. The efficiency
of this hologram is 92% and the amplitudes are 99% from the desired
values. The individual beam amplitude feature can be used to ablate
parallel holes of different sizes.
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a designed hologram for each iteration round; the IFTA uses ampli-
tude guidance at the image plane with random values as the start-
ing phase. Each time uniformity reaches 99 % a new starting phase
is selected with a random function at the image plane. The plot in
Fig. 4.11 indicates that uniformity is reached within approximately
20 iteration cycles. The efficiency varies depending on the starting
phases.
Fig. 4.12 shows the uniformity of the beams and efficiency of a
designed hologram for each iteration round with IFTA first iteration
round is the phase freedom and successive rounds are the ampli-
tude guidance. Each time uniformity reaches 99 % a phase freedom
is used to change the phase at the image plane. The plot in Fig. 4.12
indicates that uniformity is reached within approximately 22 itera-
tion cycles. The successive iterations using phase freedom and am-
plitude guidance generate holograms forming uniform beams but
holograms with higher efficiency are also found.
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4.2.4 Diffractive beam-splitter with individually controlled am-
plitudes
The hologram design also allows the beam amplitudes to vary. In
section 4.2.2 an example of a diffractive beam-splitter producing equal
amplitudes was calculated; in this case a similar array of beams with
individual amplitudes is calculated, using IFTAwith amplitude guid-
ance and phase freedom at the image plane. For each beam a target
amplitude is chosen and used in equation (4.12), the iteration is car-
ried out as described earlier. Fig. 4.13 shows a hologram at the SLM
plane and calculated amplitude at the image plane. As is clearly visi-
ble in the figure the amplitudes at rows are equal and the amplitudes
change gradually in the columns. The SN around the signal window
is attenuated compared with the case in section 4.2.2. The efficiency
of this hologram is 92% and the amplitudes are 99% from the desired
values. The individual beam amplitude feature can be used to ablate
parallel holes of different sizes.
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(a) (b)
Figure 4.13: (a) Hologram at the SLM plane. (b) Amplitude at the image plane.
4.2.5 Diffractive beam-splitter with intensity patterns varying in
3D
Calculation of the holograms forming the desired 3D intensity dis-
tributions is similar to the calculation of the 2D holograms. In this
case the propagation is performed between multiple image planes
and the SLM plane. Propagation of complex fields from the image
planes to the SLM plane can be done one image plane at a time and
a complex sum of the propagated fields is used to calculate the su-
perposition of the fields at the SLM plane. Otherwise the iteration
is carried out as described earlier. Fig. 4.14 shows a set of images
of (a) the hologram and (b)-(c) the amplitude of the different image
planes. This figure demonstrates the abbreviation of the University
of Eastern Finland (UEF), each letter locating in a different image
plane. Holograms with 3D intensity distributions can be used, for
example, to focus beams at tilted surfaces, profiled surfaces or at dif-
ferent depths inside transparent materials.
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Figure 4.14: (a) The phase of the hologram. Calculated image planes of the hologram (b)
image plane of the letter ’U’ at 450 mm from SLM, (c) Image plane of the letter ’E’ at 500
mm from SLM and (d) Image plane of the letter ’F’ at 550 mm from SLM.
4.2.6 Color-corrected CGH
There is a need for color correction as a result of the dispersion of the
femtosecond pulse [93,94]. The effect of spectral widths is discussed
using the beam-splitter design shown in Fig. 4.15 (a). If only the
center wavelength is used to design the CGH, then the amplitudes
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Figure 4.13: (a) Hologram at the SLM plane. (b) Amplitude at the image plane.
4.2.5 Diffractive beam-splitter with intensity patterns varying in
3D
Calculation of the holograms forming the desired 3D intensity dis-
tributions is similar to the calculation of the 2D holograms. In this
case the propagation is performed between multiple image planes
and the SLM plane. Propagation of complex fields from the image
planes to the SLM plane can be done one image plane at a time and
a complex sum of the propagated fields is used to calculate the su-
perposition of the fields at the SLM plane. Otherwise the iteration
is carried out as described earlier. Fig. 4.14 shows a set of images
of (a) the hologram and (b)-(c) the amplitude of the different image
planes. This figure demonstrates the abbreviation of the University
of Eastern Finland (UEF), each letter locating in a different image
plane. Holograms with 3D intensity distributions can be used, for
example, to focus beams at tilted surfaces, profiled surfaces or at dif-
ferent depths inside transparent materials.
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Figure 4.14: (a) The phase of the hologram. Calculated image planes of the hologram (b)
image plane of the letter ’U’ at 450 mm from SLM, (c) Image plane of the letter ’E’ at 500
mm from SLM and (d) Image plane of the letter ’F’ at 550 mm from SLM.
4.2.6 Color-corrected CGH
There is a need for color correction as a result of the dispersion of the
femtosecond pulse [93,94]. The effect of spectral widths is discussed
using the beam-splitter design shown in Fig. 4.15 (a). If only the
center wavelength is used to design the CGH, then the amplitudes
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on the edges are lower than at the center. This is due to grating dis-
persion, which spreads beams at the focus. The dispersion-inflicted
beam-spreading is shown in Fig. 4.15 (b). The amplitude at the im-
age plane is calculated using the spectrum shown in Fig. 3.1 (a). The
dispersion is described by grating equation (4.1).
(a)
(b)
(c)
x(mm)
x (mm)
Figure 4.15: The beam-splitter design (a) used. The plots show intensity from beams within
the red square in (a). Plot (b) is before correction and plot (c) is after correction.
The diffraction orders start to widen the farther from the center of
the image the beam is located. This spreading can be minimized by
using angular restrictions in the IFTA, which help to keep the beam
shapes circular in a certain size window. From equation (3.33) the
approximate equation for divergence angle α of the beam can be de-
rived
tanα =
w
2f
=
4λc
πw′
, (4.15)
where w is beam waist at the SLM plane, w′ beam waist at the im-
age plane and f is the distance between the SLM plane and the im-
age plane. A small beam has larger divergence angle compared to
a larger beam. By keeping each desired beam waist large enough
at the image plane, the beams at image plane can also be made to
keep their circular shape at the edges. The beam waist at the image
plane should be sized so that the width of the diverging beams at
the SLM plane are smaller than the laser beam width. This reduces
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the high spatial frequency components in the CGH. It reduces the
effect of beam widening, but the amplitude profile of the laser beam
starts to have larger effect. This is a result of the diffraction orders no
longer obtaining energy from the full SLM aperture, but only from
the close region around the center axis of each designed beam. This
only occurs if the laser beam profile is not well-known.
The color correction can be made as follows. A CGH is designed
with a single wavelength, next the beam amplitudes at the image
plane are calculated with the spectrum of the pulse. Then a new
CGH is calculated using the reciprocal values of the calculated am-
plitudes as target amplitudes for IFTA design. Fig. 4.15 (c) shows the
amplitude at the image plane calculated using the spectrum shown
in Fig. 3.1 (a), where the beam shapes and amplitudes have been
corrected.
4.2.7 Camera feedback loop - corrected CGH
A camera feedback can be utilized to make corrections to the IFTA in
order to achieve more accurate CGHs [93, 94]. The need for correc-
tions comes mainly from the optical setup misalignment, the ampli-
tude profile of the laser beam, the spectral profile of the laser beam,
the aberrations and the diffractions. Aligning the setup is easierwhen
a camera is used to monitor shape of the signal. The desired beam
amplitude corrections can be made if the properties of the original
beam are known. However, it ismuch faster to use a camera feedback
loop to make amplitude adjustments for each desired beam.
The camera feedback loop can be used to give feedback on the
intensity distribution of the image plane. Fig. 4.16 shows a flow chart
of the IFTA with added camera feedback loop. In the IFTA steps A-
C are same as previously noted and at step D the phase is separated
from the propagated field. At step E, this phase is a CGH that is put
into the SLM. The laser beam is then reflected from the SLM to the 4F
imaging system, which focuses the intensity pattern on the cam1. An
image is takenwith the cam1 and intensity of each beam is analyzed.
Then, the IFTA continues to step G as was previously the case.
Absolute values are usually unnecessary but rather the relative
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Figure 4.16: IFTA flow chart with camera feedback.
differences between the designed beam amplitudes are important.
Therefore, an integral is taken over each beam, to measure the rel-
ative energy. The areas of each beam need to be calculated. If the
calculated beam areas have large differences, then the beam waists
at the image plane should be increased as described in the previous
section.
To correct the amplitudes of a hologram measured amplitudes
are used, which are divided by the maximum of that group, in the
same way vector Ap was used in section 4.2.2. The IFTA with cam-
era feedback loop is basically same as the amplitude guidance form
of the IFTA only the steps E - F are performed by reflecting a real
laser beam from SLM to the camera. The phase Φm(x, y, z0 +∆z) at
the image plane does not change. If the phase at the image plane is
changed, then the connection to the specific hologram design is lost
and this might lead to less efficient hologram design.
A CGH that produces 225 uniform intensity beams is designed
by using the IFTA amplitude guidancewith a random starting phase;
the output takenwith camera cam1 of this CGH is shown in Fig. 4.17
(a). The amplitudes are measured from this image and plotted to
Fig. 4.18. In this figure amplitudes represented by a blue line are
64 Dissertations in Forestry and Natural Sciences No 148
Hologram design for controlling femtosecond laser beam with spatial
light modulator
produced by the IFTA designed CGH, with 5.5 % standard devia-
tion. This high standard deviation is caused by the less than perfect
beam quality of the laser. IFTA with camera feedback is then used
(a) (b)
Figure 4.17: Image taken with camera cam1 of 15 × 15 beam splitter. (a) Amplitudes of
the CGH without camera feedback correction. (b) Amplitudes of the CGH with the camera
feedback correction, using 3 iterations cycles.
to make corrections to the CGH and the red line represents the situ-
ation after first iteration round, when standard deviation is 1.1 %. It
is evident that this camera feedback already corrects the CGH con-
siderably at the first iteration round. The green line is the situation
after the second iteration round, making the standard deviation 0.6
% and the black line, after the third iteration round, makes the stan-
dard deviation 0.4 %; after this the iteration saturates. The image of
the amplitude corrected CGH output is shown in Fig. 4.17 (b).
Fig. 4.17 (a) indicates that amplitudes at the corners gain more
energy. This is caused by a too wide laser beam profile in the IFTA
design. It is also recognizable that the beams on the right side are
stronger, which is caused by misalignment of the laser beam on the
SLM. The beam shapes at the left and right sides of the beam array
are also different, which is caused by misalignment of the lenses F1
and F2 in the optical setup (see Fig 4.1).
A large set of holograms needs to be calculated and saved in the
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feedback correction, using 3 iterations cycles.
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A large set of holograms needs to be calculated and saved in the
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Figure 4.18: The measured scaled amplitudes of 225 beams with camera cam1. The blue line
is uncorrected amplitudes. The red, the green and the black lines are after 1, 2 and 3 iteration
cycles using the camera feedback loop.
memory of a pc. First the CGH is designed then only the data vec-
tors of equation (4.12) are saved. An Ap vector with phase is needed
to form the CGH. This reduces the reserved memory of the pc. To
obtain the CGH the calculation occurs by using the saved data vec-
tors with steps A-D in Fig. 4.16. If necessary camera feedback can be
used to fine tune the hologram for the optical setup and laser beam
before employing the CGH in the ablation.
4.3 CONCLUSION
When designing a single hologram for ablation the calculation can
take large amount of time to calculate, demand high uniformity of
the beams and high efficiency. When designing a set of holograms
the idea is to generate similar properties betweendifferent holograms:
beam shapes, beam locations and desired amplitudes. Then the cal-
culation must be made faster, which generally means more noise
remains around the signal window. This noise is not considered a
problem, as long as the intensities of the noise are under the abla-
tion threshold of the material. Generally, a CGH with a small per-
centage intensity variation is considered negligible, since according
to equation (3.38) fluence needs to increase exponentially for the ab-
lation feature to bewider or deeper. For themost part, it is important
that the size of the beams are equal since the area grows in the sec-
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ond power to the beamwidth, thus decreasing fluence in the second
power. To reach this small percentage variation level, camera feed-
back is not necessarily needed. However, camera feedback helps to
align the setup andmake adjustments to the design, and can be used
to make amplitude corrections to the IFTA design. This amplitude
correction is needed when ablating close to threshold fluence value
of the material, where a small percentage intensity variation is sig-
nificant.
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5 Femtosecond laser ablated
structures using spatial light
modulator - controlled beams
In this chapter examples of laser ablation carried out with SLMmod-
ified femtosecond laser beams are shown. Beam shaping, division
and scanning using SLM are presented.
Parallel ablation is used to make surface structuring faster. If the
number of beams generated by division is large, then it must be en-
sured that the energy for each beam is sufficient to ablate the desired
size features. In this case the ablation task can be also divided into
several sequential holograms. If the beams are designed too close to
each other, they can interfere with one another, reducing the quality
of ablation. To ensure the ablation of holes adjacent to each other,
several holograms in sequence might be required.
Parallel ablation can also be made with individualized beam am-
plitudes. This can be applied, for example, when different sized
structures are ablated on the sample surface. This can be utilized
to ablate a gray scale image. The size of the ablated holes depends
on the beam amplitude, as described in section 3.4.1. If the gray scale
image pixel value is related to the beam amplitude, a hologram set to
ablate a gray scale image can be made. If the image to be ablated is
larger than hologram design allows, then the ablation with the holo-
gram is combined with moving the sample using a translation table.
Different ablated structures are tested for hydrophobicity. These
tests includemetal samples and plastic replicas. One application uti-
lizing hydrophobic structures is a passive vent in a liquidmicrochan-
nel.
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5.1 ABLATIONUSINGSPATIALLIGHTMODULATOR -MOD-
IFIED BEAMS
5.1.1 Parallel ablation
Changing the properties of a hologram is simple with an SLM, as
shown in Fig. 5.1, where machining is carried out with different
numbers of beams and various fill factors. The holograms used to
ablate these patterns, were designed with the IFTA, as described in
section 4.2.2, with different numbers of beams and different fill fac-
tors. The design goal was to employ beams with equal amplitude,
less than 2% amplitude variation from desired and 90% efficiency.
The calculation time for each hologram was less than 1 min. The ab-
140 m
Figure 5.1: An array of ablated holes. As shown here, increasing beams and changing fill
factor is simple with the SLM.
lations are performed in silicon with a constant pulse number of 100,
beam fluence of 1.2 J/cm2 and a focal length of the lens F2 = 50 mm.
Note that after machining the surfaces at top row of images in Fig.
5.1 are cleaned and surfaces at bottom row are not.
In Fig. 5.1 the top row shows that the number of beams can be
increased and the energy can be compensated using an energy ad-
juster. This results in holes of the same size even when the number
of ablating beams is increased. In Fig. 5.1 the bottom row indicates
that the fill factor can be changed and the sizes of the holes remain
the same. The respective design fill factors are 0.50, 0.30, 0.25 and
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0.20. The image set of the ablated patterns shows the flexibility of
the SLM operated ablation. The number of beams can be changed
according to need and the distance between each beam can easily be
changed.
10 m 20 m
20 m
30 m
(a) (b)
(c) (d)
Figure 5.2: Testing of the fill factor in stainless steel. Fill factor: (a) 0.50, (b) 0.33, (c) 0.25
and (d) 0.20.
Fig. 5.2 shows the SEM images of the ablations made in stainless
steel with 0.2 mJ, 500 pulses and a focal length of F2 = 100 mm, flu-
ence of 2.1 J/cm2, using different fill factors, with a 5 × 5 array of
beams with fill factors of 0.50, 0.30, 0.25 and 0.20. When a 0.50 or
larger fill factor is used adjacent beams start to interfere with each
other.
5.1.2 Beam division
To make the ablation of large surface areas more efficient a large
number of beams is required. The holograms are designed with the
IFTA as described in section 4.2.2 and the camera feedback loop is
used to make corrections as described in section 4.2.7. The design
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goalwas equal beamswith less than 5% amplitude variation and 85%
efficiency. The calculation time of each hologram is several minutes.
(a) (b) (c)
Figure 5.3: An array of ablated holes. (a) 30 × 30, (b) 40 × 40 and (c) 50 × 50; each array
is ablated using a single hologram. The distance between holes is 26µm.
Fig. 5.3 shows ablations carried out using (a) 30 × 30, (b) 40 ×
40 and (c) 50 × 50 uniform beam division, each of which is created
with a single hologram. The distance between holes is 26 µm, which
makes the size of the patterns 0.75, 1.0 and 1.3mmwide, respectively.
Ablations are performed in silicon with a constant pulse number of
100, beam fluence of 1.2 J/cm2 and the focal length of F2 = 50 mm.
Beam division makes ablation faster and more efficient since all
the energy per pulse can be used to ablate. A drawback of the CGH
generatingmore than 1000 beams is the higher beam amplitude vari-
ation and lower efficiency.
5.1.3 Parallel ablation using sequential holograms
When a large number of holes close to each other need to be ablated,
the ablation procedure must be considered. The number of beams
capable of ablating is limited by the energy of the pulse, the type of
target material and the magnification of the optical system. Further-
more, if the distance between neighboring beams is too small, then
the beams start to interfere with each other. This interference is un-
desirable since the ablation is not of the desired quality. By keeping
the distance as large as 0.25 fill factor visible in Fig. 5.2, the beams
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do not interfere. This means that multiple sequential holograms are
necessary to perform an ablation task.
CGH1 CGH2 CGH3 CGH4
Figure 5.4: Letter U’s beam locations of 4 CGH designs. Sequential holograms form the
letter ’U’ where blank spaces form the abbreviation UEF.
The ablation of the abbreviation for University of Eastern Finland
is used as an example. The holograms are designed in a group of four
holograms. The character to be ablated is first divided into sub im-
ages, as shown in Fig. 5.4 and these sub images are used to design the
holograms. An example CGH is shown in Fig. 5.5. The holograms
3
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Figure 5.5: (a) An example CGH of the set that generate the letter ’U’. Numbers are in
radians. (b) Imaged beams.
are designed with IFTA as described in section 4.2.2. The calcula-
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tion time of each hologram is approximately 1 min. The design goal
was equal beams with less than 2% amplitude variation and 90% ef-
ficiency.
20 m 3 m
70 m 14 m
Figure 5.6: The letters UEF ablated in silicon, top row microscope images of 3 µm diameter
holes, bottom row SEM images of 1 µmdiameter holes. Ablation of each letter was performed
with 4 holograms
In Fig. 5.6 the letters ’UEF’ are ablated one character at a time
using four holograms for each letter. The holes ablated consecutively
are ablated between the holes made with the previous holograms.
Ablations are made in silicon with the constant pulse number of 100,
beam fluence of 1.2 J/cm2 and the focal length of F2 = 50 mm. In
the letters ’U’ and ’E’ some of the holes are omitted to form ’UEF’.
The holes with a diameter of 1 µm in bottom row of Fig. 5.6, are
ablated using plano-convex aspherical lens with the focal length of
F2 = 11 mm. After each letter is ablated, the sample is moved with
the translation table before the next letter is ablated.
The ablation of a large area is shown by ablating the logo of the
University of Eastern Finland. This logo was ablated using 16 holo-
grams. As in Fig. 5.4 the logowas first divided to sub-images and the
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respective CGHs were calculated using VirtualLab software. Each
hologram divided the original beam into 256 beams with minimum
of 0.25 fill factor, varying location and equal amplitude. An exam-
ple CGH is shown in Fig. 5.7, with the calculated amplitude. The
calculation time of each hologram was 3-7 minutes. The design goal
was equal beams with less than 2% amplitude variation and 93% ef-
ficiency. Ablations were performed in silicon with a constant pulse
(a) (b)
Figure 5.7: An example CGH of 16 holograms for ablation of the UEF logo. (a) CGH. (b)
Calculated beams.
number of 50 and beam fluence of 1.2 J/cm2. The focal length of the
lens was F2 = 100 mm. Fig. 5.8 shows the ablated logo of the Univer-
sity of Eastern Finland. The size of the logo is 3.3 mm high and 2.3
mm wide.
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Figure 5.8: The SEM images with different magnifications showing the logo of the Univer-
sity of Eastern Finland ablated using 16 CGHs in the silicon.
5.1.4 Parallel ablation using beams with individually controlled
intensities
The design of the holograms allows the intensity modification and
beam division. This can be utilized in the ablation. To speed up the
ablation of a complex surface structure parallel ablation needs to be
done so that the divided beams ablate holes of different diameter, as
described in section 3.4.1. Calculation of the hologram is described
in section 4.2.4. Fig. 5.9 shows a set of images where (a) shows the
hologram used on the SLM display, (b) the intensity distribution on
the camera and (c) the microscope image of the ablated holes.
The camera feedback loopmakes hologramdesign faster andmore
precise. This can help to produce, for example, gray scale images us-
ing beamswith individually controlled intensity. Using the informa-
tion in Fig. 3.6 a portrait pixel value can be related to the diameter of
an ablated hole as described in section 3.4.1. If the gray scale image
to be ablated is large, then holograms can be created with a large fill
factor and the sample can be moved with a moving table between
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Figure 5.9: A set of images. (a) Computer Generated Hologram on the SLM display. This
CGH produces the intensity pattern shown in (b). (c) Microscope image of the ablated struc-
tures, with a period of 32 µm on a silicon sample.
ablations.
The technique is demonstrated with ablation of a gray scale im-
age. The original image was divided into 150 sub-images, which
were used to design the holograms. Each hologram had an array of
.
(a) (b)
Figure 5.10: An example CGH of 150 CGH showing center part of eye glass frame visible
in the Fig. 5.11. (a) CGH in radians. (b) Calculated beams in a.u.
20 × 20 beams with individually controlled intensities. A hologram
producing 20× 20 uniform beams was first designed as described in
section 4.2.2. This hologram was then used as a base for IFTA with
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camera feedback to design a set of holograms, each hologram pro-
duced an array of beams having individually controlled intensities.
This method reduced the calculation time of each hologram to only
approximately 3 s. The design goal was desired beamswith less than
3% amplitude variation and 80% efficiency. An example of a CGH
producing 20× 20 beams with different desired intensities is shown
in Fig. 5.10.
The ablationwasdonewith F2= 70mm in siliconusing 200 pulses.
A CGH was placed onto the SLM, then adjusting the energy with
an energy adjuster since each hologram needs a different amount of
energy to form the desired individualized intensities; the ablation
was then performed. Then the sample was moved and the ablation
repeated with a different hologram. This procedure was continued
until the gray scale image was fully ablated.
Figure 5.11: A portrait of a former president of Finland. (a) is the original photo by Jussi
Aalto. (b) Photograph of measured intensity patterns generated using 150 designed holo-
grams stitched into an image. (c) Photograph of the ablated image on the silicon.
Fig. 5.11 shows (a) the original image of a former Finnish pres-
ident, (b) measured amplitudes of the modified beams stitched to-
gether to form an image, and (c) a photograph of ablations made in
a silicon surface. The size of the portrait is 9.6 mm high and 6.4 mm
wide. Fig. 5.12 is shown the microscope images of the ablated struc-
tures. The images indicate that the diameter of the hole varies from 1
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Figure 5.12: Close-up microscope images of the ablated structures. The diameter of the
ablated holes varied from 1 to 15 µm. The period of the hole matrix is 32 µm.
to 15 µm and ablations done with different holograms can be joined
almost seamlessly. Stitching errors are caused bymoving error of the
translation tables, which was ≈ 3 µm. The optical axis of the SLM is
not exactly the same as xy-axis of the translation table, the difference
was measured as ≈ 0.2 degree. Fig. 5.12 is imaged after cleaning.
The hole sizes have a 3 % size variation compared with the desired
sizes.
5.1.5 Parallel ablation of grooves using translation table
When using the SLM-operated ablation setup, a groove can be ab-
lated using either the moving table or by moving the beams with
the SLM. In Fig. 5.13 the grooves are ablated in both directions by
moving the sample and using an array of 30 × 30 beams. The ab-
lation is performed in stainless steel, using the focus length of F2 =
50 mm, fluence of 1.5 J/cm2 and moving speed of 2 mm/s, which is
equivalent to 7 pulses for each location. Since 30 beams ablate the
same groove, this pulse number is multiplied by 30, which equals
210 pulses per point. The size of the array of the beams on the ma-
terial surface is 420 µm and distance between beams is 15 µm. To
ablate a 2 × 2 cm area of the structure 47 over passes in horizontal
and vertical directions are required, which means a total of 16 min
to process this area. If this is compared with single beam ablation,
then processing happens 900 times faster.
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camera feedback to design a set of holograms, each hologram pro-
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energy to form the desired individualized intensities; the ablation
was then performed. Then the sample was moved and the ablation
repeated with a different hologram. This procedure was continued
until the gray scale image was fully ablated.
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Aalto. (b) Photograph of measured intensity patterns generated using 150 designed holo-
grams stitched into an image. (c) Photograph of the ablated image on the silicon.
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gether to form an image, and (c) a photograph of ablations made in
a silicon surface. The size of the portrait is 9.6 mm high and 6.4 mm
wide. Fig. 5.12 is shown the microscope images of the ablated struc-
tures. The images indicate that the diameter of the hole varies from 1
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Figure 5.12: Close-up microscope images of the ablated structures. The diameter of the
ablated holes varied from 1 to 15 µm. The period of the hole matrix is 32 µm.
to 15 µm and ablations done with different holograms can be joined
almost seamlessly. Stitching errors are caused bymoving error of the
translation tables, which was ≈ 3 µm. The optical axis of the SLM is
not exactly the same as xy-axis of the translation table, the difference
was measured as ≈ 0.2 degree. Fig. 5.12 is imaged after cleaning.
The hole sizes have a 3 % size variation compared with the desired
sizes.
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When using the SLM-operated ablation setup, a groove can be ab-
lated using either the moving table or by moving the beams with
the SLM. In Fig. 5.13 the grooves are ablated in both directions by
moving the sample and using an array of 30 × 30 beams. The ab-
lation is performed in stainless steel, using the focus length of F2 =
50 mm, fluence of 1.5 J/cm2 and moving speed of 2 mm/s, which is
equivalent to 7 pulses for each location. Since 30 beams ablate the
same groove, this pulse number is multiplied by 30, which equals
210 pulses per point. The size of the array of the beams on the ma-
terial surface is 420 µm and distance between beams is 15 µm. To
ablate a 2 × 2 cm area of the structure 47 over passes in horizontal
and vertical directions are required, which means a total of 16 min
to process this area. If this is compared with single beam ablation,
then processing happens 900 times faster.
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Figure 5.13: Parallel ablated surface using an array of beams. Ablation of parallel grooves
is done first in one direction then in another.
5.1.6 Parallel ablation of grooves using sequential holograms
Sequential holograms can be used to ablate grooves by moving the
designed beams with small increments. A simple way to do this is
to move a beam array with off-axis shifts of the converging spherical
wave. This method can reduce the need for moving the sample with
a moving table. An other way is to design beams having individual
routes.
For example, a flat surface is ablated to form an array of peaks.
Moving the beams is done using 30 holograms. First a base hologram
of an array of a 10 × 10 uniform beam-splitter is designed with the
IFTA, as described in section 4.2.2. Then the beam off-axis shifts are
calculated and added to the beam splitter hologram. A beam off-axis
shift can be considered to be the phase of a diffractive grating, such
as the one shown in Fig 4.5. This results in a set of holograms that
move parallel beams around a circle, each beam making a circular
groove. Calculation of each move take less than 1 s. Using this type
of beam shifts changes the original amplitude variation of 2 % into
approximately 5 % with the efficiency remains the same 90 %.
The set of holograms is used to make direct modification of the
surface into an array of peaks, as shown in Fig. 5.14, with a 10 µm ra-
dius. In Fig. 5.14 parallel ablated circles are shown and the distance
between center of the circles is 24 µm. Ablation occurs in stainless
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Figure 5.14: Parallel ablated circular grooves, using 30 holograms. The radius of the circular
groove is 5, 7 and 10 µm.
steel, using the focal length of F2 = 50 mm, 100 pulses and fluence
of 1.3 J/cm2. The total time that the SLM-operated process takes is 1
min to calculate the base hologram, 30 s to calculate the moves and
the ablation takes 3 s. With a single beam one circle is ablated in 3 s
and the total time to ablate 100 circles is 300 s.
Figure 5.15: Parallel ablated patterns. The diameter of the circle is 500 µm. Ablation occurs
using 40 beams on the edge of the shapes at equal distances and the scanning of beams is
done with 30 holograms, each calculated with IFTA.
If the ablation task requires the individual control of each beam,
then IFTA is used for designing each hologram. The calculations are
done with IFTA, as described in section 4.2.2. The parallel ablation
is performed by placing beams at the edge of a pattern. Then the
next hologram is calculated with a clockwise step of each beam on
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Figure 5.13: Parallel ablated surface using an array of beams. Ablation of parallel grooves
is done first in one direction then in another.
5.1.6 Parallel ablation of grooves using sequential holograms
Sequential holograms can be used to ablate grooves by moving the
designed beams with small increments. A simple way to do this is
to move a beam array with off-axis shifts of the converging spherical
wave. This method can reduce the need for moving the sample with
a moving table. An other way is to design beams having individual
routes.
For example, a flat surface is ablated to form an array of peaks.
Moving the beams is done using 30 holograms. First a base hologram
of an array of a 10 × 10 uniform beam-splitter is designed with the
IFTA, as described in section 4.2.2. Then the beam off-axis shifts are
calculated and added to the beam splitter hologram. A beam off-axis
shift can be considered to be the phase of a diffractive grating, such
as the one shown in Fig 4.5. This results in a set of holograms that
move parallel beams around a circle, each beam making a circular
groove. Calculation of each move take less than 1 s. Using this type
of beam shifts changes the original amplitude variation of 2 % into
approximately 5 % with the efficiency remains the same 90 %.
The set of holograms is used to make direct modification of the
surface into an array of peaks, as shown in Fig. 5.14, with a 10 µm ra-
dius. In Fig. 5.14 parallel ablated circles are shown and the distance
between center of the circles is 24 µm. Ablation occurs in stainless
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Figure 5.14: Parallel ablated circular grooves, using 30 holograms. The radius of the circular
groove is 5, 7 and 10 µm.
steel, using the focal length of F2 = 50 mm, 100 pulses and fluence
of 1.3 J/cm2. The total time that the SLM-operated process takes is 1
min to calculate the base hologram, 30 s to calculate the moves and
the ablation takes 3 s. With a single beam one circle is ablated in 3 s
and the total time to ablate 100 circles is 300 s.
Figure 5.15: Parallel ablated patterns. The diameter of the circle is 500 µm. Ablation occurs
using 40 beams on the edge of the shapes at equal distances and the scanning of beams is
done with 30 holograms, each calculated with IFTA.
If the ablation task requires the individual control of each beam,
then IFTA is used for designing each hologram. The calculations are
done with IFTA, as described in section 4.2.2. The parallel ablation
is performed by placing beams at the edge of a pattern. Then the
next hologram is calculated with a clockwise step of each beam on
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the edge of the pattern. This is continued until the space between
the beams of the first holograms is filled. The calculation time of the
hologram set needed to form a pattern was approximately 10 min.
The design goals were an amplitude variation less than 2% and effi-
ciency of 93 %.
Fig. 5.15 shows the ablation of a pattern. The ablation is carried
out in stainless steel using the focal length of F2 = 50mm, pulse num-
ber 50 and fluence of 1.3 J/cm2. The ablation time of the circlewas 1.5
s. If this same pattern is ablated using only a single beam, the abla-
tion takes 8 s. Ablation is done in this casewith a fluence of 1.3 J/cm2
and a translation table with a scanning speed of 0.2 mm/s - 50 pulses
per point. Thus, if 20 min is used for ablation of patterns with these
differentmethods, then using a translation table and single beam 150
patternswould be ablated, using an SLMwith 30 CGHs after a calcu-
lation time of 10min, ablation for 10min results in 400 patterns. This
makes SLM-operated ablation significantly faster when large sets of
patterns are ablated.
5.1.7 Silicon drilling using SLMmodified beams
Drilling siliconwith SLMmodified femtosecond laser ablation is dis-
cussed here. Fig. 5.16 shows a CGHproducing an 8× 8 slanted array
of divided beams. The CGH is designed as described in section 4.2.2
with camera feedback. The design goal was 90% efficiency and am-
plitude variation of less than 2 %.
The ablation of holes in silicon was carried out with 1500 pulses
and 3 J/cm2 fluence. The incident polarization is linear. A sprayed
water layer was used to enhance ablation. The ablation resulted in
the holes shown in Fig. 5.17. Fig. 5.18 presents the exit side of the
holes. When ablation is done with 3000 pulses, 4 J/cm2 fluence
and without a sprayed water layer, the holes shown in Fig. 5.19 are
produced. Fig. 5.20 shows a cross-section of the holes. As discussed
in section 3.5.2, the water spray enhanced the ablation rate, which
allowed the use of less fluence to reach a depth of 220 µm in 1500
pulses compared with the ablation without the water spray. When
ablation needs to be done with higher fluence the holes get larger;
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Figure 5.16: (a) CGH of an 8 × 8 beam-splitter. (b) Imaged beams.
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(a) (b)
Figure 5.17: Ablation with an 8× 8 array of beams in the silicon with 1500 pulses, 3 J/cm2
fluence and ablation occuring in a sprayed water layer. (a) Top view of ablated holes. (b)
Imaged cross-section of ablated holes in the silicon, hole depth 220 µm.
this can be seen by comparing Fig. 5.17 (b) with Fig. 5.19.
The SLM-operated parallel ablationmakes drilling of holes faster
without losing the ability to choose the location of each hole inde-
pendently. The exits are aligned into the same size and shape as the
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s. If this same pattern is ablated using only a single beam, the abla-
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per point. Thus, if 20 min is used for ablation of patterns with these
differentmethods, then using a translation table and single beam 150
patternswould be ablated, using an SLMwith 30 CGHs after a calcu-
lation time of 10min, ablation for 10min results in 400 patterns. This
makes SLM-operated ablation significantly faster when large sets of
patterns are ablated.
5.1.7 Silicon drilling using SLMmodified beams
Drilling siliconwith SLMmodified femtosecond laser ablation is dis-
cussed here. Fig. 5.16 shows a CGHproducing an 8× 8 slanted array
of divided beams. The CGH is designed as described in section 4.2.2
with camera feedback. The design goal was 90% efficiency and am-
plitude variation of less than 2 %.
The ablation of holes in silicon was carried out with 1500 pulses
and 3 J/cm2 fluence. The incident polarization is linear. A sprayed
water layer was used to enhance ablation. The ablation resulted in
the holes shown in Fig. 5.17. Fig. 5.18 presents the exit side of the
holes. When ablation is done with 3000 pulses, 4 J/cm2 fluence
and without a sprayed water layer, the holes shown in Fig. 5.19 are
produced. Fig. 5.20 shows a cross-section of the holes. As discussed
in section 3.5.2, the water spray enhanced the ablation rate, which
allowed the use of less fluence to reach a depth of 220 µm in 1500
pulses compared with the ablation without the water spray. When
ablation needs to be done with higher fluence the holes get larger;
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Figure 5.16: (a) CGH of an 8 × 8 beam-splitter. (b) Imaged beams.
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Figure 5.17: Ablation with an 8× 8 array of beams in the silicon with 1500 pulses, 3 J/cm2
fluence and ablation occuring in a sprayed water layer. (a) Top view of ablated holes. (b)
Imaged cross-section of ablated holes in the silicon, hole depth 220 µm.
this can be seen by comparing Fig. 5.17 (b) with Fig. 5.19.
The SLM-operated parallel ablationmakes drilling of holes faster
without losing the ability to choose the location of each hole inde-
pendently. The exits are aligned into the same size and shape as the
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Figure 5.18: Exit side of the ablation with an 8× 8 array of beams through 160 µm silicon
with 1500 pulses, 3 J/cm2 fluence and ablation occuring in a sprayed water layer. (a) Whole
array (b) magnification of 4 holes. SEM images are taken after grinding the back surface.
100 m 100 m
(a) (b)
Figure 5.19: Ablation with an 8×8 array of beams through 160 µm silicon with 3000 pulses,
4 J/cm2 fluence and ablation without a sprayed water layer. (a) Entrance side of the ablated
holes. (b) Exit side of the ablated holes.
entrances of the hole array. The sizes of the ablated holes are the
same.
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Figure 5.20: The microscope image of the ablated holes cross section. Ablation with 8 ×
8 array of beams through 160 µm silicon with 3000 pulses, 4 J/cm2 fluence and ablation
without sprayed water layer.
5.2 FUNCTIONAL SURFACES
5.2.1 Hydrophobic structures
The shape of a liquid droplet on a material surface is described by
a static contact angle (CA). The CA is an angle θ between the mate-
rial surface and the tangent of the droplet’s surface profile in contact.
The measured contact angle θ is used with the Young-Laplace equa-
tion cos θ = (γsg − γsl)/γgl to calculate needed surface tension γ [95].
The Young-Laplace equation describes the surface tension balance
between three interfaces; γ is the free energy of the surface atoms,
the subscript denotes ”s” for solid, ”l” for liquid and ”g” for gas. The
Wenzel model describes the wetting of a rough surface as cos θr =
r cos θ [96]. In this case contact is homogenous. If the case is het-
erogenous, then, for example, gas is trapped in the rough structure.
This is called the Cassie-Baxter equation, written cos θr = rff cos θ+
f − 1, where rf is the roughness ratio of the wet surface area and f
the fraction of the wetted solid surface area [97]. The Young-Laplace
equation works for flat surfaces with minimum roughness. Gen-
erally, the Wenzel model makes the originally hydrophobic surface
more hydrophobic and the originally hydrophilic surface more hy-
drophilic, when the surface is roughened. The Cassie-Baxter model
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Figure 5.18: Exit side of the ablation with an 8× 8 array of beams through 160 µm silicon
with 1500 pulses, 3 J/cm2 fluence and ablation occuring in a sprayed water layer. (a) Whole
array (b) magnification of 4 holes. SEM images are taken after grinding the back surface.
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Figure 5.19: Ablation with an 8×8 array of beams through 160 µm silicon with 3000 pulses,
4 J/cm2 fluence and ablation without a sprayed water layer. (a) Entrance side of the ablated
holes. (b) Exit side of the ablated holes.
entrances of the hole array. The sizes of the ablated holes are the
same.
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Figure 5.20: The microscope image of the ablated holes cross section. Ablation with 8 ×
8 array of beams through 160 µm silicon with 3000 pulses, 4 J/cm2 fluence and ablation
without sprayed water layer.
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The shape of a liquid droplet on a material surface is described by
a static contact angle (CA). The CA is an angle θ between the mate-
rial surface and the tangent of the droplet’s surface profile in contact.
The measured contact angle θ is used with the Young-Laplace equa-
tion cos θ = (γsg − γsl)/γgl to calculate needed surface tension γ [95].
The Young-Laplace equation describes the surface tension balance
between three interfaces; γ is the free energy of the surface atoms,
the subscript denotes ”s” for solid, ”l” for liquid and ”g” for gas. The
Wenzel model describes the wetting of a rough surface as cos θr =
r cos θ [96]. In this case contact is homogenous. If the case is het-
erogenous, then, for example, gas is trapped in the rough structure.
This is called the Cassie-Baxter equation, written cos θr = rff cos θ+
f − 1, where rf is the roughness ratio of the wet surface area and f
the fraction of the wetted solid surface area [97]. The Young-Laplace
equation works for flat surfaces with minimum roughness. Gen-
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describes a situation where the hydrophilic surface can become hy-
drophobic by roughening the surface, which then traps gas into the
structure.
Changes in the hydrophobic properties of the structured surfaces
are determinedwith a static contact anglemeasurement using aKSV-
CAM200 optical contact angle and a surface tensionmeterwith deion-
ized water.
The example contact angle measurement is shown in Fig. 5.21.
This figure shows a water droplet on a polished stainless steel sur-
face. Materials are categorized as either hydrophilic θ < 90 or hy-
drophobic θ ≥ 90. Moreover if θ ≥ 150, then the material is said to
be superhydrophobic. conversely if θ ≤ 30, then the material is said
to be superhydrophilic.

Figure 5.21: KSV-CAM 200 image of measurement on a polished stainless steel surface, CA
is θ = 72 degrees.
The material for the experiments was stainless steel W720 manu-
factured by Böhler. Samples were cut into round discs and polished
to optical quality. Before texturing, the samples were purified with
an ultra-sonic bath. The texturing of the sample was carried out as
described in section 3.3.2. Diameter of the laser spot was 640 µm
with 100 mm focusing lens and each point of the surface received
1000 laser pulses. Fluence was 1.8 J/cm2. Producing of 1 cm2 area
of such structured surface takes approximately 4 minutes. Imme-
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diately after the ablation the steel surface became superhydrophilic
due to ablation debris in form of small particles, but interestingly
in the course of time it turned superhydrophobic, with θ = 170◦.
Presumably because of interaction with the carbon dioxide in the
air [98]. Accumulation of carbon by carbon dioxide decomposition
on the rough surface changes the surface chemistry, which then al-
ters the hydrophilic surface into hydrophobic over time. In order to
eliminate the detached particles and any traces of oils and other im-
purities from the surface, samples were cleaned with the ultrasonic
bath.
(a) 100 m (b) 20 m
(c) 10 m (d) 1 m
Figure 5.22: Sem-images of the structured surface on stainless steel.
Fig. 5.22 presents coral-like microstructuring done to stainless steel.
Fig. 5.23 contains two series of pictures from the CA measurements
made from the polished and structured steel surface.
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diately after the ablation the steel surface became superhydrophilic
due to ablation debris in form of small particles, but interestingly
in the course of time it turned superhydrophobic, with θ = 170◦.
Presumably because of interaction with the carbon dioxide in the
air [98]. Accumulation of carbon by carbon dioxide decomposition
on the rough surface changes the surface chemistry, which then al-
ters the hydrophilic surface into hydrophobic over time. In order to
eliminate the detached particles and any traces of oils and other im-
purities from the surface, samples were cleaned with the ultrasonic
bath.
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Figure 5.22: Sem-images of the structured surface on stainless steel.
Fig. 5.22 presents coral-like microstructuring done to stainless steel.
Fig. 5.23 contains two series of pictures from the CA measurements
made from the polished and structured steel surface.
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Figure 5.23: Two series of pictures from the contact angle measurements. Top row polished
stainless steel surface. Bottom row textured stainless steel surface.

Figure 5.24: KSV-CAM 200 image of measurement on the coral-like textured stainless steel
surface, CA is θ = 175 degrees.
In the case of the polished surface thewater droplet is detached from
the needle immediately after the droplet is in contact with the metal-
lic surface; it forms a CA of 72 degrees, as shown in Fig. 5.21. The
droplet on the structured coral-like surface is shown in Fig. 5.24.
However, for the structured surface the water droplet refuses to de-
tach from the needle. To place a droplet on this type of superhy-
drophobic surface the needle is moved close to the surface, which
makes contact with the droplet, liquid is then added to the droplet
until it is too heavy to be lifted with the needle and the needle is
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gently removed. The structured surface is superhydrophobic with a
CA of 175 degrees, as shown in Fig. 5.24. The reason for such en-
hancement of the hydrophobic properties is the reduced area frac-
tion of the liquid-solid contact when changing the topography of
the surface. The very low CA hysteresis and tilt angle indicate the
self-cleaning properties for the surface structured by the femtosec-
ond laser ablation.
Hot-embossing of the PC replicas was done using a Nano Im-
print Lithography (NIL) Eitre 3 tool. The replication process was
performed by warming the sample and polycarbonate (PC) to 160◦,
which is the melting temperature of PC. When the temperature was
reached, a 40 bar pressure was applied to press the PC against the
mold. This pressure was applied for 2 minutes, after which themold
and the PC were cooled to a 110◦ temperature. Then pressure was
stopped and PC replica separated from the mold. To separate the
mold and the plastic replica, a chemical treatment called silanization
was used on somemetalmolds. The coral-like structured samplewas
used as the hot-embossing mold. The CA of the negative PC replicas
was measured to be 150 degrees and that of the flat PC surfaces was
87 degrees. The CA of the replicas did not change over time.
The effect of the distance between the peaks and the structure
height is studiedwith directly ablatedmoldswhich are used tomake
PC replicas. In Fig. 5.25 PC replicas made by hot-embossing
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Figure 5.23: Two series of pictures from the contact angle measurements. Top row polished
stainless steel surface. Bottom row textured stainless steel surface.

Figure 5.24: KSV-CAM 200 image of measurement on the coral-like textured stainless steel
surface, CA is θ = 175 degrees.
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until it is too heavy to be lifted with the needle and the needle is
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gently removed. The structured surface is superhydrophobic with a
CA of 175 degrees, as shown in Fig. 5.24. The reason for such en-
hancement of the hydrophobic properties is the reduced area frac-
tion of the liquid-solid contact when changing the topography of
the surface. The very low CA hysteresis and tilt angle indicate the
self-cleaning properties for the surface structured by the femtosec-
ond laser ablation.
Hot-embossing of the PC replicas was done using a Nano Im-
print Lithography (NIL) Eitre 3 tool. The replication process was
performed by warming the sample and polycarbonate (PC) to 160◦,
which is the melting temperature of PC. When the temperature was
reached, a 40 bar pressure was applied to press the PC against the
mold. This pressure was applied for 2 minutes, after which themold
and the PC were cooled to a 110◦ temperature. Then pressure was
stopped and PC replica separated from the mold. To separate the
mold and the plastic replica, a chemical treatment called silanization
was used on somemetalmolds. The coral-like structured samplewas
used as the hot-embossing mold. The CA of the negative PC replicas
was measured to be 150 degrees and that of the flat PC surfaces was
87 degrees. The CA of the replicas did not change over time.
The effect of the distance between the peaks and the structure
height is studiedwith directly ablatedmoldswhich are used tomake
PC replicas. In Fig. 5.25 PC replicas made by hot-embossing
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Figure 5.25: The SEM images showing hot-embossed PC replicas made with stainless steel
molds fabricated using a 17 × 17 array of the beams to ablate large areas of holes.
with a periodically structured mold are shown. The mold had large
areas of holes with different depths and different distances between
them and the ablation was carried out as described in section 5.1.1.
The CA measurements were performed and the results analyzed.
From this data the distance between peaks having the greatest effect
at minimum structure height was measured to be 15 µm.
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Figure 5.26: The SEM images of the stainless steel mold (a) and the hot embossed PC replica
(b).
(a) (b)

Figure 5.27: The contact angle measurements of the flat PC surface (a) and the textured PC
surface (b).
Fig. 5.26 (a) and (b) respectively show the textured stainless steel
moldwith a 15µmperiod and its hot-embossed negative replicawith
structure height of 10 µm. The mold was ablated as described in
section 3.4.1. This replica was measured for hydrophobicity and the
measurement is shown in Fig. 5.27 (b). The CA for the flat PC surface
was 87 degrees and for the textured PC surface 170 degrees.
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5.2.2 Hydrophobic structures as passive vents
On the surface, the movement of a liquid can be controlled with
surface hydrophobicity and hydrophilicity. By increasing the hy-
drophobicity of a tilted surface a moving liquid can be slowed or
even stopped at the border between the flat and structured area; to
continuemoving the liquid needsmore force, which can be increased
by tilting the surface. This texturing could be applied to a liquid mi-
crochannel as a passive vent. Themolds for plastic injectionmolding
were fabricated using a diamondtool machine. The microstructur-
ing of these channel molds is done using SLM-controlled femtosec-
ond laser ablation, as described in section 5.1.1. Holes and grooves
are used to test hydrophobicity within the channels and these areas
had different structure heights. The replica is produced with plastic
injection molding and the holes form spikes and the grooves form
ridges. The SEM images of the plastic injected replicas are shown
in Fig. 5.28. The plastic used in injection molding was polystyrene
(PS). These structured surfaces are located inside microchannel for
10 m m
(a) (b)
Figure 5.28: Plastic injection molded replica surfaces used as microchannel passive vents.
(a) SEM image of spikes and (b) SEM image of ridges.
liquids. These channels were testedwith liquid to determine if struc-
tured areas acted like passive vents, stopping liquid and allowing
liquid to pass when pressure is added. The liquid tests showed that
all structured areas stopped the liquid and by adding 2.2-2.7 mbar
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pressure allowed liquid to continue to flow. The groove direction
made a small difference to the required pressure. Parallel grooves to
the channel needed an added pressure of 2.4 mbar to allow the liq-
uid to pass and when the grooves were perpendicular to the channel
2.7 mbar was needed to permit the liquid to pass. The areas of peaks
needed 2.4 mbar for the liquid to pass the textured area.
It was observed that plastic injection molding did not replicate
peaks properly, which is visible in Fig. 5.28 (a) where the tops of
the peaks are smooth and lens-like. This indicates that plastic is not
pushed to the end of the hole and replication is saturated, indicating
that the peaks are the same height and not related to the depth of
the hole in the mold. The ablated grooves shown in Fig. 5.28 (b) did
replicate well; this is probably because the air retained in the struc-
ture had an escape route when plastic was injected into the mold.
The heights of the replica were measured using a white light inter-
ferometer and verified from cross-section images using the SEM.
5.3 CONCLUSION
In this chapter, ablation with a SLM-modified beam was discussed.
In the case of silicon the highest number of divided beams still able
to ablatewas 2500 beams. The ablation of grooves, the arrays of holes
and hole arrays of varying sizes were also discussed.
Hologram sets can be used for rapid fabrication of the surface
structures in a large surface areawithoutmoving the sample. Chang-
ing the hologram with the SLM does not require any mechanical
movements, thusmaking it highly repeatable and fast comparedwith
ablation with a single beam and translation table.
Covering large surface areas with structures by ablation with 400
individually controlled beamswas shown. Thismethod allowedpar-
allel processingwithout losing the ability to change the beamfluence
by location. The parallel ablation of the gray scale image in silicon
was presented using this method.
Parallel drilling through a siliconwaferwas shown. SLM-operated
ablationmade drilling 64 times faster thanwhenusing a single beam,
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without losing the ability to choose the location of each hole.
Functionalities of ablated surfaces were tested for wetting prop-
erties. Superhydrophobic surfaces were found. Hydrophobicity was
also recognized to function as a passive vent inside a liquidmicrochan-
nel.
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6 Conclusion
This thesis has demonstrated that IR femtosecond laser ablation of
many materials and structures is a versatile tool for microstructur-
ingmaterials. The increase in the femtosecond ablation rate has been
demonstrated with numerous methods. Material removal and abla-
tion quality can be enhanced in two ways, either using more fluence
with a water spray or less fluence with parallel ablation. A high de-
gree of parallelism in themicromachiningwas demonstrated using a
combination of the femtosecond laser and a spatial light modulator.
The original laser beamwas divided into as many as 2500 individual
beams thatwere used for the structuring of silicon and stainless steel.
It has been shown that a beam array of varying intensities can be
utilized with high precision for the complex ablation task. Varying
amplitudes provide control over the size and depth of the ablation
feature and parallel ablation offers increased processing speed com-
pared with conventional single-beam ablation. Various laser micro-
machining applications, for example, engraving, drilling and mark-
ing, can benefit from this technique. The produced structured sur-
faces and molded PC replicas were found to be superhydrophobic
and applicable as passive vents in microfluidistic channels.
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Martti Silvennoinen
Precise material processing 
with Spatial Light Modulator  
- controlled Femtosecond laser beam
This thesis consists of material process-
ing using femtosecond laser. Fast and 
precise parallel fabrication method us-
ing spatial light modulator is introduced. 
The metal processing of plastic injection 
molds as well as metal, silicon and glass 
ablation are discussed. Water spray 
enhances the ablation rate and remove 
ablation debris. Optical setup using a 
camera feedback loop is presented for 
hologram correction. Consequently 
laser ablation is made more precise and 
faster. Ablation of grey scale images and 
functional surfaces are shown, as an 
example. Processed surfaces have vari-
ous functionalities such as the control 
of wetting working as passive vents in 
microuidistic devices.
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